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Abstract 
We present a methodology that combines experimental in-situ capillary pressure measurements and direct two-phase flow 
simulation on the same micro-CT image to explain and predict pore-scale events. This methodology is used to study the effect 
of snap-off process on the pore-throat size distribution inside and adjacent to trapped non-wetting supercritical CO2 ganglia at 
the end of an imbibition process. We also study the effect of both pore space geometry and fine-scale surface irregularity on 
snap-off and eventually the size and extent of a trapped supercritical CO2 ganglion. We introduce a new approach that 
combines throat size and pore space geometry in order to predict snap-off occurrence and can be used by direct simulation and 
network modelling in predicting multi-phase flow behaviour. The analysis reveals that the supercritical CO2 ganglia are mainly 
trapped in the largest throats and surrounded by many smaller adjacent throats. Moreover, the proposed approach suggests the 
values 19 µm and 3 as cut-off values for throat size and contraction ratio respectively, beyond which snap-off must occur at 
the studied carbonate rock sample. 
Introduction 
One of the most reliable solutions to address the challenges imposed by climate change is to reduce CO2 emissions by storing 
significant quantities underground in depleted oil or gas reservoirs, or in deep saline aquifers. To ensure both effective and 
successful storage process, CO2 must be trapped securely in significant fractions of pore space. There are four main 
mechanisms for trapping the CO2 underground. Carbon dioxide can dissolve in the existing brine (dissolution trapping), reside 
underneath an impermeable cap rock (structural or stratigraphic trapping), react with reservoir rocks to reside as a solid 
precipitate (mineralization trapping) or get trapped under capillary forces in the only rapid process called capillary trapping 
[1]. Capillary trapping is a very effective mechanism, in which water is injected as an immiscible wetting phase to surround 
and isolate the non-wetting CO2 phase in the form of ganglia and therefore fixes it in the place. A thorough understanding of 
the nature of two-phase immiscible flow is necessary to explain and predict both quantity and distribution of the residual 
fluids. 
Lenormand et al. [2] performed a series of pioneering experiments and simulations of two-phase displacement. They 
characterized immiscible displacement in pore systems into three main patterns: uniform displacement, viscous fingering and 
capillary fingering. They based this categorization on two main parameters which are the ratio between viscosities of 
displacing fluid to the fluid being displaced, and the ratio between viscosity forces to capillary forces (capillary number, NCa). 
Lenormand et al. concluded that the displacement in the capillary fingering pattern is random and the probability of trapping 
displaced fluids as residual in this displacement form is higher than the other processes.  
Pickell et al. [3] were the first to introduce a relation between the quantity of residual fluids, capillary pressure and 
pore structure. They also introduced the theory of snap-off as one of the mechanisms behind forming residual saturations of 
displaced fluids in porous systems. However, they did not report any experimental evidence to support this argument. Snap-off 
is process of choking-off a fluid body by other fluid at a constriction to form two separate fluid menisci [4]. If all throats 
connecting a fluid to its main body were snapped-off, that fluid mass gets trapped in a form of ganglion forming residual 
saturation [5]. Other mechanisms that can cause fluid entrapment are bypassing [5] and jumps (or hygron), which is a 
spontaneous fluid withdrawal from pore body [4]. 
Motivated by early experiments conducted by Gardescu [6] to study capillary trapping in small constrictions, Roof [7] 
successfully conducted the first experimental work to explain the detailed process and conditions under which snap-off can 
occur. He used Pyrex tubes of different sizes representing pore throats to study the effect of throat size on snap-off during a 
drainage process. He concluded that snap-off will not take place at the point where the interface between immiscible fluids has 
just passed the pore neck, however, the interface has to move a certain distance into the next pore. This extra distance is 
necessary for the capillary pressure at the bulge of the advancing fluid to decrease below a threshold value, so that the nose 
becomes unstable and snap-off occurs, causing the fluid inside the throat to be trapped. Interestingly, he found out that this 
distance is a function of the pore-throat size (seven times pore throat size). On the other hand, Lenormand et al. [8] studied 
snap-off during imbibition and concluded that the flow of the wetting phase in the form of a thin film governs snap-off. This 
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film thickens and the wetting phase swells at the pore-throat corners, causing the pressure at the wetting phase to increase and 
choke the non-wetting fluid body at pore throats. Smaller throats will be snapping off earlier [5], since these throats will have 
higher snap-off capillary pressure threshold. Hence, despite the location of the interface between the displaced and the 
displacing fluids, snap-off will be governed mostly by throat size. Further studies of the oil entrapment physics by Mohanty et 
al. [4] concluded that the snap-off and hygron are the main mechanisms for residual saturation formation in water wet systems 
and both are function of pore-throat size, pore space geometry and topology. 
In an attempt to establish an understanding of the fluid displacement at the pore-scale level, a successful experiment 
to image a rock at the micron scale level was conducted by Flannery et al. [9] using a micro-CT scanner in the late 1980’s. 
More efforts were then focused on imaging the residual non-wetting fluids in rock samples under ambient conditions. Further 
trials to image the rock at high pressure and temperature conditions (reservoir conditions) have resulted in low quality images 
[1]. The first successful experiment to image fluids displacement (brine and supercritical CO2) and measure residual non-
wetting phase (supercritical CO2) in carbonates at reservoir conditions was achieved by Andrew et al. [1, 10] using a novel 
experimental methodology that generates high resolution micro-CT images at a pore-scale level. The same team has 
progressed further by measuring contact angle and capillary pressure between immiscible fluids on a carbonate rock surface at 
elevated pressure and temperature [11]. In this experiment, a 4 mm diameter and 10-20 mm length Ketton rock sample that 
was initially saturated with Potassium Iodide (KI) brine in a novel set up (detailed in Andrew et al. [10]) is drained with 1 ml 
of supercritical CO2, and then imbibed by pre-equilibrated KI brine under in situ conditions (50°C and 10MPa). Chemical 
equilibrium is achieved by mixing the CO2 with brine and small particles of the host rock. At the end of the imbibition cycle, 
multiple projections of the sample were taken at regular angular intervals to obtain 3D images that were reconstructed. The 
acquired images are then filtered using a non-local means edge preserving filter and cropped to limit the view to the field of 
the core. In addition to a seed generated by a 2D histogram, a seeded watershed algorithm was then used to identify the 
trapped non-wetting supercritical CO2 at the end of the imbibition process. The experimental results from this contribution 
[11] form the basis for the analysis and simulations conducted in this work. 
In this research, we will combine experimental measurements on capillary pressure related to the pore space topology 
and direct simulation of two-phase flow on the micro-CT images to establish and understand the size distribution of pore-
throats inside and adjacent to the trapped non-wetting supercritical CO2 ganglia. From experimental measurements, we will 
compare the impact of pore space geometry on snap-off with the existing criteria proposed in the literature. We will also 
identify any anomalies and suggest possible explanations for these cases, based on the results from pore-scale simulation of 
two-phase flow. 
Methodology  
At the end of the imbibition cycle, different configurations of trapped supercritical CO2 ganglia were created. Those ganglia 
are either trapped in single or multiple pores.  In the case where a single ganglion is occupying more than one pore, some of 
the throats connecting those pores contain trapped non-wetting fluid and are called “inner throats”, see Figure 1. Snap-off, 
bypassing and hygron jump are mainly the governing processes determining size and extent of trapped ganglia [4, 5]. 
A single snap-off does not result in trapping the non-wetting phase. A trapped ganglion is usually surrounded by a 
number of adjacent snapped-off throats from all directions [5], as shown in Figure 1. During imbibition, capillary pressure (the 
difference in pressure between the non-wetting and the wetting phases, Pc) decreases and the wetting phase film – water in this 
case – becomes thicker. This growth in thickness chokes the non-wetting fluid’s neck at throats. This process continues until a 
capillary pressure threshold is reached. At this pressure point, the pressure in the wetting phase exceeds the pressure inside the 
non-wetting phase and snap-off takes place. Since this capillary pressure threshold is a function of throat size [7], a thorough 
analysis of inner and adjacent pore-throat sizes is essential to analyse and understand the supercritical CO2 entrapment. 
 
 
Figure 1: a) The orientation of a trapped non-wetting phase ganglion within the porous medium. Unlike inner throats, the trapped non-
wetting phase at the adjacent throats has snapped-off. b) A close-up on an advancing non-wetting phase nose through a throat. Note 
the thinning in the narrowest point of the constriction [14]. 
CO2 CO2 
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After acquiring the micro-CT images, an image processing tool (Avizo 8.0 – Visual Sciences Group, 
www.vsg3d.com) was used to render the acquired 2D cross-sectional images into 3D realizations (a brief summary of the 
software interface and usage can be seen in Appendix 1). Every ganglion was identified using a seeded watershed algorithm 
[10]. Other algorithms were used to extract certain datasets that are required for the analysis, such as: pores occupied by a 
certain ganglion, throats inside each ganglion, throats adjacent to each ganglion, all throats connected to a pore, throat sizes 
and pore sizes. A combination of a Microsoft Visual Basic (VB) code and Excel macros were used to combine and generate 
new datasets that are necessary for the analysis in this report. For example, all the throats that are connected to a pore were 
used to extract the adjacent throats data set using this combination of codes and macros. The VB code lists all the pores that 
are occupied by a certain ganglion, combines all throats that are connected to these pores and removes inner and duplicate 
throats to form a list of the throats adjacent to that ganglion (The VB code is shown in Appendix 8). Furthermore, the throat 
sizes dataset was combined with each of the adjacent throats and the inner throats datasets in order to perform the statistical 
analysis on each type of throats separately, using a V-lookup Excel function. Table 1 summarizes all the available raw data 
that were originated from the micro-CT images and the different datasets that were extracted from these data. All the raw and 
extracted datasets can be seen in Appendices 2, 3, 4 and 5 as explained at the bottom of Table 1. 
 
 
Table 1: A summary of the raw data that was originated directly from the micro-CT images and the different datasets that were 
extracted based on different combinations of this raw data using VB codes and Excel macros. 
Results and Discussion 
A total of 21 ganglia were identified at a subset of the core that has dimensions of 2 × 2 × 2 mm. Among these ganglia, 10 are 
trapped in single pores while the other 11 occupy multiple pores, as shown in Table 2. All throats and pores were indexed and 
measured based on the acquired CT images of the rock sample. Inner and adjacent throats of each ganglion were identified in 
order to conduct a statistical analysis on each data set separately. 
 











  230 
10 11 
Total : 21 
Table 2: Indices of the studied ganglia. 10 ganglia are located in one pore each while other 11 ganglia are located at more than one 
pore. 
Statistical analysis of throat sizes in the rock sample, adjacent to and inside a trapped ganglion 
The Ketton rock sample contains 1943 throats with a mean throat radius of 9.80 µm. The biggest throat has a size of 76.3 µm, 
however, 75% of the throats are less than 14.6 µm in radius. The throat sizes follow an exponential distribution with a 
skewness of 1.78, as shown in Figure 2. 
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Throat Size (µm) 
Throat Size (µm)   
Figure 2: Size distribution of all throats in the Ketton rock sample. 
Furthermore, there are 443 adjacent throats to those 21 ganglia in total. These adjacent throats have an average radius 
of 12.6 µm and a median of 10.6 µm. The maximum adjacent throat radius is 59.6 µm while 75% of the throats are less than 
17.6 µm in radius. Adjacent throat sizes approximately follow an exponential distribution with a skewness of 1.62, as shown in  
Figure 3. On the other hand, 26 throats are located inside ganglia and follow approximately a normal distribution with 




Figure 3: Size distribution of all throats adjacent to trapped ganglia in the Ketton rock sample. 
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Throat Size (µm)  
Figure 4: Size distribution of all throats inside all trapped ganglia in the Ketton rock sample. 
The large increase in the mean throat radius value from 12.6 µm in the adjacent throats data set – which has snapped-
off – to 36.3 µm in the inner throats data set gives a clear indication that trapped supercritical CO2 ganglia exist mainly in large 
throats and snap-off predominantly occurs in smaller adjacent throats. Furthermore, another statistical evidence that snap-off 
takes place in smaller throats is the fit of the adjacent throats data set. This data set is fitted with an exponential distribution, 
which suggests that it is composed mainly of small values. This trend is expected, since all throats that are smaller than 17 µm 
will be snapped-off and 75% of the adjacent throats data set is smaller than that value. On the other hand, the throats inside the 
ganglia data set is fitted with a normal distribution with high mean and median values, 36.3 and 33.9 µm respectively. This is 
another result supporting the argument that snap-off is not favoured in large throats and hence these large throats will contain 
trapped non-wetting fluid. 
Non-wetting phase is trapped in the largest throats 
A detailed analysis on the micro-CT images of each ganglion shows that all throats adjacent to a specific ganglion are 
generally smaller than its inner throats. This fact is in agreement with the results from the statistical analysis and this trend is 
seen in all the trapped ganglia. Appendix 6 shows comparison plots between the sizes of adjacent and inner throats for each 
ganglion highlighting this observation. 
 
Figure 5: A comparison between all inner (in blue) and adjacent throats (in red) at ganglion 159, in terms of the throat size. All 
adjacent throats are smaller than the inner ones. 
Ganglion 159 (see Figure 6) is an example at which the supercritical CO2 ganglion (in blue) is trapped in the largest 
throats that are connecting three pores (163, 177 and 195) and surrounded by 17 adjacent throats. All of these surrounding 
throats are smaller than the two throats (649 and 840) located inside the ganglion, as shown in Figure 5 and 7. In this case, the 
wetting phase was flowing in a thin film around the non-wetting fluid. This film grew in thickness as the pressure in the 
wetting phase increased. When the pressure inside the wetting phase exceeded the pressure inside the non-wetting phase, snap-
off took place starting with smaller throats, according to Roof [7]. Since the size of each of the two inner throats is greater than 
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specific locality around the pore space of ganglion 159. 
 
 
Figure 6: A rendered 3D realization of the pore space (in grey) based on the acquired micro-CT images of ganglion 159. Pores 
containing the ganglion (163, 177 and 195) are highlighted in blue. Inner throats (649 and 840) are marked with green labels while 
some adjacent throats are pointed out with red ones. 
 
Figure 7: A schematic of the porous medium around ganglion 159. The largest two throats did not snap-off while all the smaller 
adjacent throats did, causing the CO2 fluid inside the large throats to be trapped. 
However, there are a few cases in which a few adjacent throats – which have snapped-off – have a larger radius than 
some inner ones and we term them anomalous adjacent throats. For example, the micro-CT image of ganglion 15 shows that it 
has one inner throat (throat 327) and 28 adjacent throats, as shown in Figure 8. Throat 327 has a radius of 20.3 µm, which is 





Smaller Adjacent Throats 
Larger Inner Throats (649 and 840) 
Pores 163, 177 and 195 
Smaller Adjacent Throats 
    50 µm 
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Figure 8: A comparison between inner (in blue) and adjacent throats (in red) at ganglion 15, in terms of the throat size. All adjacent 
throats are smaller than the inner throat 327, except the adjacent throats 92 and 326. 
Analysis of anomalous throats adjacent to ganglia  
First of all, it is important to clearly state that even at these few anomalous cases, the majority of the adjacent throats are 
smaller than the inner ones. Nonetheless, these few anomalous adjacent throats were analysed further, in order to understand 
and explain why snap-off occurred in these cases. Table 3 summarizes the status of all ganglia that are located in multiple 
pores and highlights details for each one in terms of the number of anomalous adjacent throats compared to the total number of 
adjacent throats. 
 
Ganglia #  with 
bigger inner throats 
 




69  15 2 28 
159  72 10 32 
162  82 3 33 
230  178 1 33 
   258 4 27 
   274 2 33 
   346 1 19 
4  7 
 Table 3: Anomalous adjacent throats count for each ganglion. Out of 11 ganglia that are occupying more than one pore each, 7 
ganglia contained anomalous adjacent throats. 
Dynamic and fluid properties effects are not the reason behind the existence of these anomalous throats, as this 
experiment was conducted in a way to minimize these effects. In this experiment, a very low capillary number (NCa = 10-6) was 
achieved as the viscosity forces are minimal, while the injection flow rate at the inlet was very low (1.67×10-9 m3/s) [10] in 
order to prevent pressure from building up inside the wetting phase close to the inlet. Micro-CT images from the experiment 
indicates that this was the case as the ganglia are distributed everywhere in the rock sample, as seen in Figure 9. Hence, the 
pressure in the wetting phase is assumed to be uniform across the system in this experiment and there is no significance of 
dynamic (viscous) forces on snap-off. If the dynamic effect was significant, then more snap-off is expected for bigger throats 
toward the inlet and flow of the wetting phase will not be dominated by surface roughness and topology. 
 
Figure 9: A rendered realization of the rock sample with the trapped ganglia contained inside it (left) and an extracted realization for 
the ganglia group alone (right). The uniform pressure at the wetting phase prevented any dynamic effect on the ganglia distribution, 
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According to Mohanty et al. [4], non-wetting phase entrapment is affected by adjacent pore geometry, throat topology 
and the relative size of pores to its connected throats, in addition to individual throat sizes. Moreover, Lenormand et al. [2, 8] 
linked the distribution of trapped fluids in any imbibition process to pore space roughness and topology of throats, in addition 
to fluid properties and capillary number. These key factors are important to explain and understand the existence of few 
adjacent throats that are larger than inner ones and will be discussed in more detail in the following sections. In order to attain 
this understanding, the sizes of adjacent pores that are outside the ganglia and connected to the adjacent throats were measured 
and the ratio of adjacent pore radius to adjacent throat radius (rp⁄rt) was calculated and listed in Appendix 7.  
Moreover, images of the pore space around the anomalous adjacent throats were cropped and taken as input geometry 
for direct simulation of two-phase flow by volume-of-fluid (VOF) based finite-volume method [12], in order to define a snap-
off capillary pressure and time for every anomalous throat. 
Pore network models and other grid-based multiphase flow simulation methods are usually associated with some 
limitations regarding complex surface geometry, handling interface motion and other macroscopic effects [13]. Furthermore, 
the suggested methods that are used to apply interfacial tension forces are usually associated with spurious currents that are 
larger than the physical flow in the vicinity of the fluids interface, causing low capillary number fluid flow simulation to be 
inaccurate. The developed VOF based finite-volume method by Raeini el al. [12] implements a new method (sharp surface 
force – SSF) that overcomes these spurious velocities. As a result, stable two-phase simulations can be achieved accurately at 
low capillary numbers. It also utilizes a stair-like method (Gaussian kernel) to simulate flow in complex solid boundaries. This 
recently developed simulation method was used in this research to simulate two-phase flow on the exact geometry of some 
anomalous throats in order to further understand the snap-off phenomena and to support the conclusions drawn from the 
conducted experiment. Appendix 9 shows a list of all the simulated anomalous throats and their grid sizes. The exact geometry 
as it appears in the micro-CT images of individual single throats was simulated with a maximum grid size of 100 × 80 × 77 
µm. 
Effect of geometry and adjacent pore size on snap-off 
The case of ganglion 15, shown in Figure 8, appears to disagree with what has been reported in the literature, which is that 
smaller throats snap-off first causing all adjacent throats to be smaller than the inner ones. However, if we consider the relative 
size of the adjacent pore to adjacent throat (rp⁄rt), this anomaly can be explained. Roof [7] suggested in his experiment that for 
a snap-off to take place, the displaced non-wetting oil nose has to move for a certain distance through the next adjacent pore. 
This certain distance, which is a function of throat radius, is necessary for capillary pressure to decrease and let the water 
chokes the nose of the non-wetting phase at the throat constriction. This theory implies the importance of the adjacent pore 
size, as it determines the maximum distance that the fluid meniscus can travel inside the adjacent pore. It also highlights the 
importance of throat size, as it determines the snap-off capillary pressure threshold. The contraction ratio (rp⁄rt) combines the 
effect of both; the size of the pore adjacent to (outside) the ganglion, rp, and the size of the adjacent throat connecting this pore 
to the ganglion, rt (as shown in Figure 1). The higher the ratio, the less stable is the fluids interface and the higher the 
probability for snap-off to happen. Now if we consider ganglion 15 again, although throat 327 has smaller radius, however, it 
has a smaller (rp⁄rt) ratio (see Table 4) and eventually it is more stable. Throats 90 and 326 both have higher (rp⁄rt) ratios and as 
a result, they would have to snap-off at least before throat 327, if it happens to snap-off. 
 
Ganglion # Throat # Adjacent Pore Radius (µm) 





15 92 83.38 24.73 3.37 Outer 
15 326 64.37 20.9 3.08 Outer 
15 327 51.07 20.29 2.52 Inner 
Table 4: Contraction ratio (rp⁄rt) values for inner and anomalous adjacent throats to ganglion 15. The lower is the (rp⁄rt) value; the more 
stable is the non-wetting phase. 
In order to validate the snap-off sequence that is suggested by the stability levels of the anomalous throats at ganglion 
15 based on their (rp⁄rt) ratio, we performed direct two-phase flow simulation runs of brine injection in the inner throat (throat 
327) and the adjacent anomalous throats (throats 92 and 326) around this ganglion. The extracted sub-volumes around the 
throats were selected to be as small as possible in order to perform faster runs, while showing the whole size of the throats and 
enough pore space around them to perform accurate simulation. The extracted grid sizes are (34 × 64 × 38), (38 × 45 × 36) and 
(100 × 80 × 77) for the throats 92, 326 and 327 respectively. The simulated two-phase flow was in the x-direction and the 
modelling was based on a system contact angle of 45° [11], in order to match the wettability status of the conducted 
experiment. At the simulation runs, the initial fluid velocity is set to zero and a no-slip boundary condition is used on the 
boundary between the pore space and the solid grains. Moreover, a zero-gradient boundary condition is applied on all sides of 
the image for fluid velocity, dynamic pressure and pore-scale capillary pressure. The images of the pore space around these 
throats used for the direct simulation runs are shown in Figure 10. 
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Figure 10: Extracted sub-volumes of the pore space (in grey) around the adjacent anomalous throats 92, 326 and the inner throat 327 
(in white). These volumes went under direct two-phase flow simulation to estimate the snap-off capillary pressure and time for each 
throat. 
  Figure 11 shows the capillary pressure (Pc) vs. time evolution for throats 92, 326 and 327. During imbibition, the 
capillary pressure in the throat decreases until it reaches a snap-off capillary pressure threshold. At this point, snap-off takes 
place causing the non-wetting phase to get ruptured forming 2 menisci. This snap-off process is expressed on the Pc vs. time 
evolution by a sudden deflection (marked by black circles at Figure 11) at the decreasing trend of the capillary pressure curve 
toward higher values. Results of the direct simulation of two-phase flow through individual throats were in agreement with 
what has been seen experimentally at the micro CT images. The simulation results show that, as the capillary pressure 
decreases during imbibition, throat 92 snaps-off first at a capillary pressure of 850 Pa at 0.005 s, followed by throat 326 at 
.00175 s and at a capillary pressure of 450. The simulation extends to 0.008 s with no sign of throat 327 snapping-off. This 
suggested snap-off sequence by the direct simulation is indeed in agreement with the (rp⁄rt) ratio analysis. Throat 92 is 
supposed to snap-off first, as it is the least stable throat among the three with an (rp⁄rt) ratio of 3.37, followed by throat 326 
with an (rp⁄rt) ratio of 3.08 and finally throat 327 with the smallest (rp⁄rt) ratio of 2.52 to snap-off the last. This comparison 
between pore-scale direct simulation and the analysis obtained from the experiment on micro-CT images validates the 
predictions for snap-off based on the (rp⁄rt) ratio. Note that the capillary pressure evolution of throat 92 has two minima. This 
trend indicates that the pore space around throat 92 had 2 snap-offs occurring, probably due to the complex shape and 
geometry of throat 92, as shown in Figure 10. However, this fact does not change the throats snap-off sequence as both snap-
offs happened earlier and at higher Pc values. 
 
Figure 11: A comparison of capillary pressure vs. time evolution for three throats 92, 326 and 327 at ganglion 15, based on the direct 
simulation [12] results. During imbibition, capillary pressure decreases and once snap-off happens, formation of 2 menisci causes a 
sudden deflection toward higher Pc values. The sequence of snap-off that started with throat 92, followed by 326 then 327 is in 
agreement with the level of stability suggested by the (rp⁄rt) contraction ratio. 
A snap-off (rp⁄rt) ratio threshold 
A snap-off (rp⁄rt) ratio threshold, below which snap-off will not happen, has already been studied in the literature [4, 15]. This 
number is expressed mathematically and determined based on the geometry of analysed pores and constrictions. It has been 
reported to be approximately 3 for cylindrical and star-shaped like constrictions [4]. Other sources propose a range of values 





























Throat 92 Throat 326 Throat 327
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adjacent throats and their adjacent pores were used to determine a general threshold ratio (rp⁄rt) based on statistics of 
experimental data on natural rock at reservoir conditions. 
 
Figure 12: Ratio of adjacent pore size to adjacent throat size (rp⁄rt) for all trapped ganglia. 
Adjacent throats to ganglia that occupy one pore and its adjacent pores were analysed separately from those adjacent 
throats to ganglia that occupy 2 pores or more, since the first data set does not include the anomaly of smaller inner throats. All 
192 throats adjacent to the ganglia occupying one pore were analysed; 90% of those throats have an (rp⁄rt) ratio that is greater 
than 2.  Forty three throats have a ratio in between 2-3 while 37 throats have a ratio in between 3-4. The same analysis was 
conducted on the adjacent throats to ganglia occupying 2 pores or more, and the data resulted in similar distribution. Almost 
94% of the throats have an (rp⁄rt) ratio that is greater than 2 and 77% of the throats have a ratio greater than 3. In light of these 
2 cases, it is difficult to define a clear cut for a general ratio below which snap-off will not take place; however, this threshold 
does exist in a range of 2-3, if the few cases (< 5%) that exist in the range 1-2 was ignored (see Figure 12). The analysis of the 
real experimental data supports the argument that is suggesting a range of values for a general threshold ratio [15], however, 
this range is narrowed down to be 2-3 based on the experimental results. Nonetheless, as a general remark, an adjacent pore 
has to be at least double the throat size for snap-off to occur. 
This snap-off ratio threshold cannot be a single value at 3, as suggested at some sources in the literature [4]. It is 
possible to have adjacent throats – which have snapped-off – with an (rp⁄rt) ratio that is smaller than 3. However, the inner 
throats at these ganglia will still have smaller ratios and hence will be more stable, even if those inner throats are smaller in 
size. A good example is ganglion 82, which has 2 inner throats (409 and 673) and 33 adjacent throats. Although throats 409 
and 673 are smaller than the adjacent throat 512, which has an (rp⁄rt) that is smaller than 3, however, all inner throats have 
smaller (rp⁄rt) ratios justifying why they did not snap-off (See Table 5). 
 







82 156 83.76 25.47 3.28 Outer 
82 412 104.45 29.97 3.48 Outer 
82 512 104.45 38.86 2.68 Outer 
82 409 78.9 55.86 1.41 Inner 
82 673 69.4 27.59 2.51 Inner 
Table 5: Contraction ratio (rp⁄rt) values for inner and anomalous adjacent throats to ganglion 82. The lower is the (rp⁄rt) value; the more 
stable is the non-wetting phase. 
Effect of fine-scale surface irregularity on snap-off 
Another reason causing few larger adjacent throats to snap-off is fine-scale heterogeneity around throats. This fine-scale 
heterogeneity can be an intense local wall roughness or high irregularity in the topology in the vicinity of a throat. According 
to Lenormand et al. [8], in the case of a very low capillary number imbibition – which is the case for this experiment (NCa = 10-
6) – the most important mechanism of wetting fluid advancement in the pore system is throat surface irregularity or roughness. 
More surface irregularity impels the flow of the wetting phase along the throats wall in a shape of a thin film, which will 



















Adjacent throats to 1-pore Ganglia Adjacent throats to 2-pores ganglia
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Figure 13: A comparison between all inner (in blue) and adjacent throats (in red) at ganglion 72, in terms of the throat size. Intense 
surface irregularity can impel snap-off occurrence. 
At ganglion 72, throat 262 is bigger than throat 360 (see Figure 13) and the ratio (rp⁄rt) for throat 262 is 2.89 while it 
is 3.26 for throat 360, as calculated in Appendix 7. In light of these 2 facts, throat 360 is expected at least to snap-off before 
throat 262; however, this was not the case, as throat 360 did not snap off. This example highlights the effect of roughness and 
throat surface irregularity. Micro-CT images, seen in Figure 14, show a detailed representation of the shape and topology of 
these throats and their surroundings. The level of irregularity presented by the images of throat 262 is much more intense when 
it is compared to throat 360. Moreover, the throat space around the narrowest point at the constriction, where the radius is 
estimated, is wider in the case of throat 360. This will require higher pressure in the wetting phase to cause the necessary 
instability at the interface so snap-off can take place. In this case, the required pressure was too high and snap-off did not 
happen. 
 
Figure 14: Images of 3D realization of the pore space (in blue) around throats (in white) 262 (shown at a) and 360 (shown at b) in 
addition to a close look at sections around these throats. Images are showing narrower pore space and greater surface irregularity at 
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Throat size and ratio of adjacent pore size to adjacent throat size (rp⁄rt) cross plot 
In light of the previous analysis, it is clear that snap-off during imbibition is not governed only by throat size. Both throat size 
and (rp⁄rt) ratio are important parameters determining the possibility of snap-off and eventually the fluid entrapment [5]. We 
suggest that snap-off is controlled by both throat size and the contraction ratio (rp⁄rt). A cross plot of throat size vs. (rp⁄rt) using 
available real data shown in Figure 15 illustrates this relationship; the blue points represent adjacent throats, while the red 
ones (non-filled) represent inner ones. All throats with a radius smaller than 19 µm have snapped-off. Hence, with an average 
throat size at the Ketton rock sample of 9.8 µm, all throats that are smaller than twice the average throat size will snap-off. 
Moreover, all throats with a contraction ratio (rp⁄rt) that is greater than 3 will snap-off too. This cut-off is in agreement with 
what has been reported in the literature [4]. Those throats located in the blue shaded box that have a radius which is greater 
than 19 µm and an (rp⁄rt) ratio that is smaller than 3, can snap-off. Other factors such as surface irregularity and topology must 
be considered when looking at these throats lying in the blue area. Throat size is inversely proportional with the (rp⁄rt) ratio, 
however, all throats with an (rp⁄rt) ratio that is greater than 4 stabilizes below the level of 20 µm and the throat size thereafter 
becomes insignificant in snap-off prediction. 
 
Figure 15: Throat size vs. contraction ratio (rp⁄rt) for all adjacent and inner throats. All throats that are smaller than 19 µm and have an 
(rp⁄rt) ratio that is greater than 3 have snapped-off. 
Conclusions 
Analysis of the experimental data shows that the supercritical CO2 ganglia are trapped in either single or multiple pores. In the 
cases where a single supercritical CO2 ganglion is trapped in more than one pore, the supercritical CO2 ganglia are mainly 
trapped in bigger throats compared to the adjacent throats in that locality. Out of a total 443 throats adjacent to all ganglia, 420 
throats are smaller than all inner throats located inside the ganglia. Those smaller adjacent throats have higher snap-off 
capillary pressure threshold and hence they snap-off first in an imbibition process. 
There are a few cases (23 throats) showing an anomaly, in which a few adjacent throats – which have snapped-off – 
are greater than some inner ones. Experimental measurements on capillary pressure related to the pore space topology and the 
direct simulation of two-phase flow on the same micro-CT images have indicated that these few anomalous cases occur due to 
the effect of adjacent pore sizes and the fine-scale surface irregularity (roughness).  
Furthermore, a new approach that combines the impact of throat size and the contraction ratio (rp⁄rt) is suggested to 
give a clear cut-off for both values beyond which snap-off must occur. For Ketton sample studied, the cut-off values are 19 µm 
for the throat size and 3 for the (rp⁄rt) ratio. Continuous image acquisition during imbibition for a variety of rock systems at 
future experiments can further improve our understanding of the conditions under which snap-off occurs and help in 
identifying other possible factors that impel the process. 
We demonstrate how a methodology that unifies experimental capillary pressure measurements and direct two-phase 
flow simulation on the same micro-CT images can explain and predict pore-scale events, including unexpected behaviours. 
That can be used in predicting multi-phase flow behaviour by direct simulation and network modelling. The presented novel 
imaging technique, combined with the suggested methodology implemented at this work, can be used to thoroughly 
understand the formation of residual oil or gas saturations at a pore-scale level. Such an understanding will help in hindering 
the entrapment process and will result in an incremental hydrocarbon recovery. Moreover, this imaging technique can be used 
to evaluate the mechanisms that are suggested to be responsible for many effective IOR and EOR methods, such as polymers 
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 Nomenclature 
Supercritical CO2 Supercritical carbon dioxide 
Micro-CT = Microscopic Computed Tomography 
2D images= Two-dimensional images 
3D images= Three-dimensional images 
Pc = Capillary pressure, Pa 
rp = Adjacent pore radius (µm) 
rt = 
NCa = 
Adjacent throat radius (µm) 
Capillary Number 
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Authors:  
I. Gardescu 
Contribution to the understanding of the topic:  
First to study capillary trapping in a single pore. Developed an expression to calculate pressure drop across 
constriction 
Objective of the paper:  
Study static forces acting on fluids in capillary constrictions. Effects of Jamin Action (resistance acting on fluids 
and imposed by boundary conditions of separated fluids) was studied separately. 
Methodology used:  
1- Mathematical approach to derive expression to find pressure drop equation across Jamin tube. 
2- Two experiments on Jamin tube (methyl alcohol and gas bubble)  
Conclusion reached:  
Experimental results indicated that capillary forces in form of resistance acting on fluids in capillary tubing is 
directly proportional to solid surface tension and inversely proportional to radius of tube. 
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Authors:   
J. Pickell, B. Swanson and W. Hickman 
Contribution to the understanding of the topic:  
First to relate residual saturation to pore geometry and IFT. Introduce the theory of snap-off 
Objective of the paper:  
Is to study fluid distribution in pore systems and relate it with pore size, interfacial tension and saturation history. 
Methodology used:  
1- Air-Mercury capillary pressure data was used to analyse fluid distribution. 
2- Oil-air imbibition was used to analyse residual saturations 
Conclusion reached:  
Fluid distribution in a porous medium is mainly a function of pore size and geometry, in addition to interfacial 
tension and saturation history. During imbibition process, residual none wetting phase remains as a discontinuous 
phase residing in single to multi-pore sizes. 
  
iv                                            Analysis of Snap-off and Pore Space Structure in Multiphase Flow in Carbonate Rock Using Micro-CT Images 
 
SPE Journal (1970; 10) 
Snap-Off of Oil Droplets in Water-Wet Pores 
Authors:  
J.G. Roof 
Contribution to the understanding of the topic:  
Detailed conditions and processes of snap-off. Relation between throat size and oil advancement in pores (its effect 
on capillary equilibrium between capillary pressure at the oil nose and at the throat) 
Objective of the paper:  
Provide experimental evidence of theories on snap-off in water wet rocks.  
Methodology used:  
Experiment: Magnified images of oil (non-wetting) invading through Pyrex tubes with a doughnut-hole cross 
section fabricated for different radii sizes 
Conclusion reached:  
Snap-off will not take place as oil passes through the narrowest point of a throat. Oil has to advance for certain 
distance (7 x throat radius) until Pc at the oil nose becomes smaller than Pc at the throat. At that situation, water 
advances choking the oil and snap off takes place. 
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SPE 13264 (1984)  
Role of Roughness and Edges during Imbibition in Square Capillaries 
Authors:  
R. Lenormand and C. Zarcone 
Contribution to the understanding of the topic:  
Highlighted the effect of pore geometry and surface roughness on snap-off during low capillary number imbibition. 
Described details of wetting phase film flow during imbibition. 
Objective of the paper:  
Analyse all pore-scale events and physical mechanism behind wetting fluid advancement and flow in an imbibition 
process. Sheds light on the effect of geometry, surface roughness, fluid properties and capillary number on fluid 
flow during imbibition. 
Methodology used:  
Etched networks (micro models) were used to observe these analysed pore-scale events resulting in the fluid flow 
and advancement in the imbibition. 
Conclusion reached:  
- For high Capillary number values, frontal derive is the dominant flow behaviour during imbibition. Non-
wetting entrapment in unexpected. 
- During low capillary number imbibition, flow is dominated through surface roughness and corners. 
Entrapment of non-wetting phase has more chances. 
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SPE Reservoir Engineering Journal (1987; 2)  
Physics of Oil Entrapment in Water-Wet Rock 
Authors: 
 K. Mohanty, H. Davis and L. Scriven  
Contribution to the understanding of the topic:  
- Explained details of 2 main process impelling oil entrapment: Snap-off and Jumps. 
- Shed light on the effect of pore geometry, topology and relative size of pore-to-throat on fluid entrapment. 
- Studied the effect of the capillary number on the size and quantity of trapped oil ganglia (blobs). 
Objective of the paper:  
- Explain the details of the non-wetting advancement and all the associated pore-scale physics. 
- Relate these pore-scale events to the overall displacement during imbibition. 
Methodology used:  
A square network simulation of water injection in a grid pre-filled with oil was used to study the displacement at 
pore-scale level and to analyse the associated pore level events. 
Conclusion reached:  
- Oil displacement during imbibition is always associated with snap-offs and jumps that will result in 
ganglia entrapment. 
- The generated patterns of entrapment can be produced as the process is repeatable and govern by certain 
factors. The process is governed by pore geometry and topology and not random. 
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Journal of Fluid Mechanics (1988; 189)  
Numerical Models and Experiments on Immiscible Displacements in Porous Media 
Authors:  
E. Touboul, R. Lenormand and C. Zarcone 
Contribution to the understanding of the topic:  
Explained nature of capillary fingering in which displaced fluids can be trapped by models and experiment. 
Objective of the paper:  
Compare immiscible displacement in porous media in numerical models and experiments. Map displacement 
patterns in a phase diagram. 
Methodology used:  
Different displacement patterns were generated based on different combination of capillary number and viscosity 
ratios. 
1- Numerical Simulation: 2 network simulators (100 × 100 and 25 × 25) were used. Effect of 
capillarity was modelled and a direct approximation to the non-linear problem was used. 
2- Experimental set up: 4 micro models were used with fluids varying in viscosities. 
Conclusion reached:  
There is an agreement between numerical simulations and experiments. Same displacement patterns were 
generated for same C (capillary number) and M (Viscosity ratio) factors. 
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Water Resources Research (2004; 40) 
Predictive Pore-Scale Network Modelling of Two-phase Flow in Mixed Wet Media 
Authors:  
Per H. Valvatne and M. Blunt 
Contribution to the understanding of the topic:  
Presented a methodology to predict flow properties of a mixed wet media based on topological representation of a 
real porous medium 
Objective of the paper:  
To show how to predict flow properties of a mixed wet media based on topological representation of a real porous 
medium calibrated by experimental data. 
Methodology used:  
Topological representation of Berea Sandstone (Calibrated with Capillary Pressure) was used to predict relative 
permeability and was compared to sand pack measured in the literature. 
Conclusion reached:  
Single and multi-phase flow properties can be predicted using topological representation calibrated by 
experimental data. Building a library of real pore networks can be used to predict multiphase flow properties. 
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Journal of Computational Physics (2012; 231) 
Modelling Two-Phase Flow in Porous Media at The Pore Scale Using the Volume-of-fluid Method 
Authors:   
A. Raeini, B. Bijeljic, M. Blunt 
Contribution to the understanding of the topic:  
The authors presented a direct simulation toll that accounts for the multiphase flow in complex pore space 
geometry and structures using a finite-volume approach at a micron scale.  A new SSF method was implemented to 
overcome spurious velocity that prevents accurate low capillary number flow simulation (which is the expected 
flow status at reservoir level). It also utilizes a stair-like method (Gaussian kernel) to simulate flow in complex 
solid boundaries. 
Objective of the paper:  
To model the micron-scale two phase flow of fluids using a pre-developed code on the base of volume-of-fluid that 
can overcome some of the problems in present particle based simulation techniques. The paper focuses on sovling 
the flow problems associated with low capillary number rates and complex solid surface geometries. 
Methodology used:  
Uses a grid based simulation code developed by interFoam and incorporate a new sharp surface force method to 
account for interfacial tension forces omitting the effect of spurious currents that prevent low capillary number 
simulation. It also implements a stair-case like method to account for complex geometries. Finally, the code was 
tested for stability and accuracy. 
Conclusion reached:  
The developed a tool (simulation method) to simulate the 2-phase flow at pore-level. The new technique was able 
to overcome some existing problems with the current particle based techniques (Spurious currents). The model was 
validated and proven good stability and efficiency. It can be an alternative to particle based technique. 
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Advances in Water Resources (2013; 51: 197–216)  
Pore-scale Imaging and Modelling 
Authors:  
M. Blunt, B. Bijeljic, H. Dong, O. Gharbi, S. Iglauer, P. Mostaghimi, A. Paluszny, C. Pentland 
Contribution to the understanding of the topic:  
The paper has summarized modelling methods, imaging techniques, imaging of trapped scCO2 experiment and 
different trapping mechanisms. 
Objective of the paper:  
Review the techniques behind imaging and modelling fluids at pore scale. Sheds light on novel experiment that 
images trapped scCO2 and introduce results of modelling relative permeability in carbonate rocks. 
Methodology used:  
1- Residual scCO2: An experiment was conducted using novel equipment to image trapped scCO2 at 
HPHT 
2- Relative Permeability: comparison between modelled relative permeabilities of a carbonate rock 
and measurement with core rock. 
Conclusion reached:  
1- There will be more dependence on pore-scale imaging and modelling in the future specially in 
unconventional resources. 
2- Some limitations need to be resolved and finer scale of realization is needed. 
3- Data integration on different scales (reservoir, core, tests  and models)  
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International Journal of Greenhouse Gas Control (2014; 22: 1-14) 
Pore-scale Imaging of Trapped Supercritical Carbon Dioxide in Sandstones and Carbonate 
 Authors:   
M. Andrew, B. Bijeljic, M. Blunt 
Contribution to the understanding of the topic:  
First successful experiment to image fluid displacement the pore scale at elevated Pressure and Temperature. 
Objective of the paper:  
Study pore-scale displacement of scCO2 by brine in both sandstone and carbonate rocks. Evaluate size and quantity 
of trapped scCO2 ganglia from micro scale images taken at reservoir high pressure and temperature. 
Methodology used:  
Novel equipment was used that operates under reservoir condition and employs a micro-CT imaging scanner 
(Xradia Versa 500). Saturated cores of Ketton and Bentheimer with scCO2 were flooded by saturated brine. Images 
were taken and processed to evaluate size and quantity of trapped ganglia. 
Conclusion reached:  
Higher residual saturation of scCO2 in Sandstone compared to limestone (0.32 and 0.2 respectively). Sizes of 
trapped ganglia vary with 4-orders of magnitude. Trapped ganglia as a P-law size distribution. 
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Advances in Water Resources (2014; 86) 
Pore-scale Contact Angle Measurements at Reservoir Conditions Using X-ray Microtomography 
 Authors:   
M. Andrew, B. Bijeljic, M. Blunt 
Contribution to the understanding of the topic:  
First successful measurements of contact angle between immiscible fluids on carbonate rock surface at elevated 
P&T. 
Objective of the paper:  
Present a methodology that enables measuring contact angle between immiscible fluids under elevated conditions 
(10 MPa and 50 C) using X-ray Micro-CT. 
Methodology used:  
A novel set-up was constructed to allow for conducting the experiment under the elevated conditions. The flow 
strategy was designed to acquire images of trapped isolated supercritical carbon dioxide ganglia. Many algorithms 
were implemented to generate clear images and differentiate between trapped and wetting fluids. 
Conclusion reached:  
The measurement of contact angle between immiscible supercritical CO2 – Brine system was successful. Analysis 
of the acquired images revealed a weakly water-wet system with 45o of contact angle. 
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Transport in Porous Media (2014; 101: 191 -213) 
Numerical Modelling of Sub-pore Scale Events in Two-Phase Flow through Porous Media 
Authors:   
A.Q. Raeini, B. Bijeljic, M. Blunt 
Contribution to the understanding of the topic:  
Study snap-off in drainage, effect of throat length on threshold for snap-off in imbibition and threshold capillary 
number for trapping ganglia. 
Objective of the paper:  
Use a new method (Volume-of-fluid) to model multiphase flow and study effects of pore orientation and flow rate 
on remobilization. Study capillary forces under dynamic condition and investigate relation between flow rates and 
pore scale forces. 
Methodology used:  
After verifying accuracy of developed method (by comparing predicted Pc with Pc theoretical), numerical method 
was used to study snap off in drainage, effect of throat length on threshold contraction ratios for snap-off in 
imbibition and threshold capillary number above which snapped off ganglion will not get trapped 
Conclusion reached:  
The developed method was verified and used to analyse every case mentioned within the objectives and the 
methodology. 
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Appendix 1: Summary of Avizo utilization in this project 
Avizo is an image processing tool that was used in analysing the acquired images from the experiment in this project. Four 
large raw datasets were used to render the acquired 2D images into the 3D realization shown in Figures 6, 9, 10 and 14. The 
first dataset named “porelines_labelled_separated” contains all the indexed throat. An arithmetic function can be used to 
extract a certain throat based on its index and a rendering option is used to generate a 3D realization of that throat (in white at 
the image below). The second dataset contains the overall porespace at the imaged rock sample, “porespace”. A 3D rendered 
object of the extracted sub-volume around the investigated throat from this dataset results in showing the 3D realization of the 
porespace around that specific throat. The “old_4um_co2_labels” contains all the ganglia indexed. These ganglia can be 
rendered into 3D realization using an arithmetic function that identifies it by its index. The last dataset is the 
“Porespace_basins” which contains the pores indexed and can be used to generate 3D images of the pore-basins around a 
certain pore using its index. 
Below is a schematic that shows the datasets – and the associated processes – that were used to generate a 3D image 
of both; throat 262 and the porespace around it. The main panel shows the utilized 2 datasets “porelines_labelled_separated” 
and “porespace” (in green), the arithmetic function used to identify throat 262 (in red), the extracted sub-volumes from each 





Table 1 - 1: A snapshot of Avizo graphical user interface. On the right, a schematic that shows all used datasets and the analysis 


























































































Ganglion Number 72 82 150 159 178 230 334 232 125 119 274 242 258 203 15 111 352 162 69 346 342
Ganglion in pores: 80 96 154 163 184 203 356 224 135 131 310 245 240 207 53 123 399 164 72 381 367
88 127 177 205 257 332 266 97 225 74 405





Ganglion Number 72 82 150 159 178 230 334 232 125 119 274 242 258 203 15 111 352 162 69 346 342
Throats inside each ganglion 360 409 649 779 1061 1497 1164 327 814 243 1791





Ganglion Number 72 82 150 159 178 230 334 232 125 119 274 242 258 203 15 111 352 162 69 346 342
Adjacent Significant Throats 150 155 422 429 713 867 1519 931 406 434 1204 924 1030 663 13 371 1642 561 160 1550 1571
157 156 456 658 714 874 1524 932 487 453 1236 1007 1087 666 29 376 1653 651 192 1568 1643
214 161 473 684 830 928 1560 941 540 474 1237 1013 1088 671 43 407 1692 664 193 1577 1673
236 171 475 699 841 992 1610 965 548 503 1238 1051 1103 768 87 416 1701 747 197 1596 1685
242 226 483 717 843 1009 1629 973 588 512 1256 1094 1128 851 88 427 1746 776 206 1606 1686
248 234 502 729 869 1028 1632 974 614 537 1260 1098 1170 863 92 438 1793 809 228 1624 1687
259 245 509 750 875 1046 1656 982 622 542 1263 1100 1173 894 102 446 1889 817 279 1683 1688
262 306 510 757 887 1052 1708 991 627 551 1271 1169 1217 921 108 447 1900 858 296 1712 1730
310 356 520 767 894 1079 1717 1000 939 568 1276 1236 1231 942 125 452 1925 862 318 1727 1734
315 412 523 771 897 1083 1720 1039  577 1277 1238 1278 1020 168 453 1939 871 326 1763 1736
323 435 543 777 909 1084 1728 1042 579 1296 1256 1288 1044 187 474  872 384 1782 1737
338 460 552 785 912 1172 1731 1060 589 1302 1271 1317 1058 207 478 893 390 1787 1760
340 466 568 792 919 1173 1777 1107 594 1313 1277 1323 1068 211 479 898 406 1865 1795
345 476 581 798 945 1253 1778 1156 597 1317 1302 1331 1069 252 531 900 414 1894 1870
365 484 590 818 956 1290 1783  608 1355  1355 1070 254 572 904  1904 1929
366 485 591 824 966 1301 1785 624 1356 1356 1130 302 655 968 1907 1931
393 488 596 825 984 1314 1788 625 1367 1359  317 682 976 1910 1943
439 495 599 831 985 1315 1799 638 1372 1364 325 765 994 1914  
463 497 606 867 1010 1326 1823 640 1373 1383 326 778 1009 1924
467 508 616 868 1016 1377 1825 674 1383 1408 342  1014  
494 509 617 880 1027 1378 1838 694 1404 1426 361 1028
542 512 645 918 1054 1418 1898 695 1426 1427 374 1041
554 517 704 928 1063 1421 1905 704 1428 1428 375 1081
569 523 781 975 1064 1431  708 1434 1433 385 1087
602 528 785 1010 1090 1439 722 1446 1434 402 1088
652 530 830 1062 1108 1442 730 1447 1447 445 1119
656 537  1083 1145 1449 735 1451 1476 451 1134
662 559  1153 1452 737 1473  496 1213
663 586 1155  762 1476  1467
686 593 1166 820 1493  
715 596 1171 852 1498
782 599 1180 859 1528
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Pore Index
1 69 81 104 106 122 125 131 143 144 151 157 194 195 205 214
2 20 32 54  
3 3 23 26  
4 48 74  
5 17 24 31 38 52 149  
6 7 33 40 57 60 61  
7 11  
8 14 24 38 50  
9 2 39 72 81  
10 6 104  
11 8 30 37 41 45 51 66 75 85  
12 53 58 59  
13 9 34 35 49 76 116 144  
14 44 48 74 79 110 135 139 152 163  
15 42 215  
16 4 46  
17 4 60 73 103 111 115  
18 9 10 28 68 71 95 96 106 119 121 130 136 146 173 183 191 219 221 242 315  
19 100  
20 63 67  
21 5 7 33 57 82 84 148 180 214 236 247 248  
22 13 29 43 80 114 137  
23 11 12 18 19 21 22 25 36 70 86 107 117  
24 17 87 92 93 160  
25 15 64 94 109 142 189 197 228 246  
26 2 39 47 78 174  
27 5 6 109 143 162 205  
28 37 41 45 55 62 75 85  
29 10 16 27 28 42 113 123 130 165  
30 35 76 90 95 96 99 112 119  
31 30 55 62 140  
32 1 80 83 97 114 137 155 156 171 187 234 245 255 258 312  
33 40 49 61 73  
34 64 77 162 193 238  
35 8 20 32 51 54 56 66 69 159 169  
36 3 14 15 23 26 31 50 52 53 58 59 88 89 102 108 118 125 126 131 134 154 172  
37 68 186 195  
38 91 105 127 147  
39 22 25 36 70 86 99 106  
40 1 47 83 97 101 138 161 166  
41 16 27 123 136 146 164 165 167 173 177 199  
42 56 69 98  
43 78 98 200 210 213 230 249 263 267 269 270 274 275 276 280 283 287 290 298 299 313 314  
44 117 133 170 181 194 204 347 411 420 428  
45 72 151 158 229 241 265  
46 71 113 121 186 191 203 219 221  
47 81 89 100 151 158 168 211  
48 77 93 192  
49 46 94 120 142 201 256  
50 103 111 115 120 176 188 235  
51 118 126 128 129 172 198 208 212 224  
52 101 138 145 166 226 231 277  
53 13 29 43 87 92 187 254 317 325 327 342 374 375 441 451  
54 116 150 157 164 167 177 257 281 310  
55 63 67 90 105 112 119 127 147 268 273 282 285 288  
56 148 176  
57 154 198 200 208 210 212  
58 79 110 129 135 139 152 218  
59 170 194 196 202 222 223 260  
60 140 175 217 227 266 289 294 305 311 319 320 404 418  
61 124 132 141 153 185 190 216 261 266 289 293 294 295 301 305 311 320 322 346 352  
62 145 209 231 307  
63 178 179 182 202 217 240 244 251 253  
64 91 107 133 178 179 181 182 196 204 222 223 260 261 397  
65 128 304 309 334 358 364  
66 65 131 134 184 188 201 250 286 302 329  
67 82 84 104 143 180 247 259 284 323 340 367 383 417  
68 159 169 209 213 230 232 239 263 278 280  
69 34 44 65 144 163 184 218 281 286 291 308 348 396 430 449 469 492  
70 220  
71 264 271 332 333 349 350 379 399 419 421  
72 193 197 228 243 296 318 414  
73 205 357 371 376 391  
74 160 192 206 243 279 326 384 390 406  
75 235 257 308 345 434  
76 122 175 216 227 293 295 301 303 322 346 352 369 410 424 443  
77 264 271 272 332 333 350 379 394 400  
78 224 304 339 429  
79 277 307 462 489 490  
80 150 157 199 214 236 248 259 262 284 310 315 323 338 340 341 345 360 365 366 439 463 467 481 494  
81 250 316 330 331 336 372 377 408 473  
82 282 285 288 300 373  
83 240 244 251 253 268 273 300 368 373 380 387 388 444  
84 225 233 237 272 292 309 335 358 513 524  
85 229 241 254 317 356 375 389 432 484  
86 292 335 349 399  
87 232 239 267 274 275 278 290 297 321 328 343 362 363 382 448  
88 242 262 315 338 341 360 366 393 439 463 554 602 663  
89 291 330 336 337 344 378  
90 149 189 206 207 246 252 256 279 296 329 361 412 414 427 435 445 447 464 466 478 571  
91 324 351 355 405  
92 319 324 354 381 413 418 424 437 442 443 450 457 461 468 477  
93 353  
94 334 339 364  
95 215 393 499  
96 155 156 161 171 226 234 245 306 356 359 409 488  
97 88 102 108 125 168 207 211 252 302 326 327 361 385 402 441 445 496  
98 391 407 416 438 446 479  
99 185 190 225 233 237 303 351 354 355 369 381 413 442 468 538  
100 306 359 557  
Connected Throats
Appendix 3: Throats connected to each pore 
This appendix presents all throats that are connected to each pore. If all throats that are connected to a set of pores that are 
occupied by a certain ganglion were identified, and the inner throats were excluded; the resultant is a group of throats that are 


























Table 3 - 1: List of all pores and the indices of its associated throats. 
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Pore Index
101 238 318 357 384 390 452  
102 401 425  
103 392 403 423  
104 316 331 337 344 348 372 378 408 475 483  
105 174 265 370 386 389 395 398 415 426 433 454 566 615 643 644 683 721  
106 368 380 387 388 392 396 403 422 423 436 455 456  
107 249 269 270 276 283 287 297 298 299 313 314 321 328 343 362 363 370 382 386 395 398 448 454 498 527 558 562  
108 365 431 555 569 642  
109 377 385 402 426 517  
110 415 433  
111 255 258 312 440 460 518 592  
112 404 437 444 450 461 470 471 486 500 505 506 507 515 521 556 565  
113 397 405 410 457 465 564 574 580  
114 367 417 514 531 598 611  
115 419 421 480 504  
116 325 342 374 440 487 522 540 547 575 619 633 634  
117 183 195 203 220 347 458 459 470 471 472 486 500 505 506 507 544 546 626 629 653  
118 432 451 530  
119 394 400 480 504 532 563 582  
120 383 431  
121 411 420 428 465 482 491 511 515 526 539 546 701  
122 430 449 469 510 525 533 535 545 581  
123 371 376 407 416 427 438 446 447 452 453 474 478 479 531 572 655 682 765 778 796  
124 353 401 425 462 501 519 560 585 595  
125 476 485 497 502 508 516 528 534 541 567 573 576  
126 481 542 569 652 656 662 686 715 782  
127 409 460 484 495 530 586 603 623 628 636 637 639 667 688 697 707 712 719 755 774 786 787 790 791 795 799 800 822 848
128 467 535 536 618 629 676 685 696 702 714 725  
129 489 490 529 549 560 587 605 607 658 684 717 809 817 904 968 969 976 977  
130 488 495 586 620 621 628 637 648 650  
131 434 453 474 503 512 537 542 551 568 577 578 579 589 594 597 608 612 624 625 638 640 674 680 694 695 703 704 708 722
132 503 514 555 579 598  
133 513 524 532 659  
134 522  
135 406 487 540 548 588 614 622 627 939  
136 525 533 545  
137 548 570 627  
138 498 527 529 549 558 561 562 587 605 607  
139 521 556 564 565 583 613 632 646 672 692 716 727 728 732 738 739 743 744 746 749 751 760 761 764 813  
140 538 563 582 657 661 665 731 748 810  
141 501 519 557 585 595 688 693 698  
142 499 584 681 733  
143 494 536 617 618 652 660 685 695 713  
144 493 520 543 552 553 590 591 600 601  
145 554 584 656 662 666 686  
146 518 603 634 636 667  
147 566 620 621 635 639 648 650 651 664 668 679 720  
148 570 571 572 647 677 741 823 826 903  
149 625 638 640 641 660 670 680 689 691 694 708 730  
150 574 580 583 609 613 632 646 700 716 728 739 760  
151 412 435 464 466 476 485 497 508 509 512 516 517 523 528 534 537 541 550 559 567 573 576 593 596 599 604 606 610 630
152 706 773 839  
153 477 609 657 665 692 700 705 710 711 723 731 742 745 756  
154 422 436 455 456 473 475 483 492 493 502 509 510 520 523 543 552 553 568 581 590 591 596 599 600 601 606 610 612 616
155 611 669 690 948  
156 709 710  
157 550 551 577 578 589 593 594 597 608 616 624 630 631 641 645 670 678 689 691 703 722 735 737 762  
158 659 661 705 709 711 723 742 745 756  
159 672 718 724 726  
160 602 654 671 676 687 696 725 734 752  
161 458 459 472 482 491 511 526 539 544 654 687 734 736 806 807 829  
162 615 623 635 643 644 668 673 679 683 707 712 720 750 753 754 759 775 797 801 808 819 845 846 854 870 980  
163 429 649 658 684 699 717 729 757 767 771 798 818 825 867 880 895 928 935  
164 561 651 664 747 776 809 814 817 898  
165 758 766 769  
166 747  
167 655 674 682 834 857  
168 547 575 592 614 619 633 816 866 922  
169 729 771 818 825 874 916  
170 718 726 727 732 738 743 744 746 749 751 764 783 793 794 805 812 837  
171 693 697 698 719 755 774 776  
172 702 736 752 804  
173 496 559 588 604 622 647 675 677 706 740 741 849 892 988  
174 701 794 865 877 888 901 908 937 967  
175 748 763 780 789 828 836 844 876  
176 761 783 793 805 812 813 833  
177 649 721 750 754 767 792 798 824 831 840 868 895 1062 1083  
178 626 653 724 772 802 803 811 833 837 842 847 926 936 951 1012  
179 784 850 882 932 941  
180 788 824 855 862 873 881 890 899  
181 806 807 829 878 902 963 1011 1020 1048  
182 642 669 681 690 715 907 910 930  
183 815 835 853 915 1014 1099  
184 713 714 779 841 869 883 894 912  
185 804 851 860 1002 1011 1019 1025 1032 1033 1038 1091 1092  
186 699 757 763 789 832 891 915 916 920 993 995 1001  
187 826 927 954 964 972 987  
188 790 800 858 868 870 871 872 873 890 893 899 900 923 924 925 994 1007 1030 1081 1111  
189 788 792 797 801 808 819 846 855 881 890 923 934  
190 802 803 811 860 864 913 958  
191 863 889  
192 852 859 875 905 909 919 929 984  
193 780 810 815 828 832 835 836 844 853 876 917 933 949 986 995 996 1015 1037  
194 772 781 864 887 897 906 945 946 950 956 966 997 998 1016 1031  
195 777 785 840 918 975 1010 1062  
196 782 841 869 896 912 921 942 953 959 960 961  
197 786 787 791 799 861 885 911 947 1072  
198 917 933 1006  
199 926  





























Table 3 - 2: List of all pores and the indices of its associated throats.
xviii                                            Analysis of Snap-off and Pore Space Structure in Multiphase Flow in Carbonate Rock Using Micro-CT Images 
 
Pore Index
201 758 766 769 795 816 822 848 866 981  
202 878 888 902 938 989 1002 1034 1056 1312  
203 867 874 891 920 928 935 992 1009 1028 1046 1052 1061 1079 1084  
204 907 962 1021 1043 1080  
205 779 830 843 879 883 887 897 906 966 985 997 998 1016  
206 971  
207 663 666 671 768 851 863 894 896 921 942 957 963 970 978 1020 1044 1058 1068 1069 1070 1130  
208 827 838 839 845 854 980 1005 1013 1017 1018 1023 1075 1095 1101 1121 1149  
209 882 884 914 918 944 952 973 1026 1035 1060  
210 971 979 1004 1022 1024 1040  
211 770 823 849 850 892 931 965 982 991 1039 1049 1073 1078 1093 1102 1116 1125 1133 1137 1139 1161 1162 1176 1195  
212 949 986 992 993 1001 1015 1055  
213 903 927 990 1073 1093 1131 1140  
214 821 831 880 996 1066 1096 1115 1127 1129 1154 1159 1172 1186 1274 1294  
215 889 962 1021 1029 1053 1067  
216 952 955 974 1000 1026 1035  
217 843 875 879 909 919 945 956 984 985 1010 1027 1050 1054 1063 1064 1090 1108 1153 1171 1180 1211 1220 1225 1272 1286 1292 1298 1299 1335
218 934 975 1018 1103 1128 1144  
219 733 768 930 1080 1132 1168 1240  
220 979 1004 1006 1022 1024 1066 1085  
221 1047  
222 946 950 999 1031 1104 1163  
223 820 834 886 1027 1042 1054 1074 1108 1109 1117 1123 1131 1141 1158 1171 1179 1205 1227 1268 1289 1297 1320  
224 931 932 941 965 973 974 982 991 1000 1039 1042 1060 1107 1156  
225 814 858 862 871 872 893 898 900 904 925 968 969 976 977 994 1009 1014 1028 1041 1076 1081 1087 1088 1089 1119 1134 1213 1467  
226 910 948 1057 1110 1112 1126 1165 1212  
227 1003 1045 1114 1135  
228 939 964 972 987 988 990 1049 1078 1116 1125 1136 1139 1194  
229 842 847 865 877 901 908 913 937 938 958 967 989 1019 1025 1032 1034 1036 1038 1077 1148 1199 1275  
230 1040 1113 1175  
231 1041 1046 1052 1084 1089 1118  
232 1005 1017 1051 1059 1098 1101 1106  
233 856 954 983 1008 1117 1152 1157 1188 1192 1218  
234 1055 1096 1115 1127 1129 1138 1147 1159 1167 1181 1198  
235 1012 1036 1086 1120 1148 1216 1328  
236 953 957 959 960 961 970 978 1029 1053 1058 1067 1068 1074 1130 1142 1189 1230 1251  
237 1056 1071 1082 1097 1105 1183  
238 1110 1123 1126 1141 1178 1210  
239 1043 1057 1112 1143 1197  
240 1030 1076 1087 1088 1164 1173 1288 1364 1408 1427 1433  
241 1050 1063 1064 1065 1090 1145 1155 1166  
242 1044 1048 1069 1070 1071 1082 1092 1124 1160  
243 940 943 947 981 1072 1094 1100 1111 1150 1151 1191 1222 1228  
244 1023 1059 1075 1095 1106 1121 1149 1170 1208 1217 1221 1231 1367  
245 924 1007 1013 1051 1094 1098 1100 1169 1236 1238 1256 1271 1277 1284 1302  
246 1177 1264  
247 1065 1203 1226 1254  
248 936 951 999 1047 1104 1154 1182 1186 1196 1206 1214 1216 1266 1295  
249 1097 1105 1132 1183 1248 1319  
250 1119 1134 1150 1151 1191 1223  
251 1118 1185 1193 1200 1202 1219 1241 1269 1287 1293  
252 1145 1153 1155 1166 1180 1203 1211 1225 1226 1254 1261 1324  
253 1085 1113 1174 1207 1215 1258 1282  
254 1086 1120 1182 1233 1242 1258 1262 1305 1327 1330 1333 1342 1365 1366 1396  
255 1142 1143 1279  
256 922 1190 1260 1296  
257 1061 1079 1083 1172 1173 1239 1253 1290 1300 1301 1314 1326  
258 1102 1107 1161 1176 1195 1204 1208 1229 1303 1313 1345 1363  
259 1163 1187 1209 1232 1255 1267  
260 1196 1206 1214 1232 1255  
261 1099 1193 1200 1201 1219 1246  
262 1160 1209 1230 1281 1379 1386 1387 1403 1432 1487  
263 1188 1192 1304 1306 1308  
264 1133 1136 1137 1140 1158 1162 1177 1179 1229 1264 1291 1343 1354 1376 1382 1429 1440 1443  
265 1033 1077 1091 1124 1187 1199 1259 1267 1283 1339  
266 1103 1128 1144 1164 1170 1217 1221 1231 1285 1323 1346 1356 1383 1476  
267 1278 1316 1331  
268 1156 1285 1286 1298 1299 1311 1373 1388 1390 1550  
269 1265 1270 1281 1325  
270 1165 1210 1243 1252 1310 1357 1424 1454  
271 1168 1197 1212 1398  
272 1169 1190 1237 1263  
273 1239 1315 1377 1378 1402 1418 1421 1431 1439 1442 1449 1452  
274 1194 1276 1372 1407 1459  
275 1037 1138 1146 1147 1167 1181 1185 1244 1273 1341 1484  
276 1280 1307 1325 1336 1338 1349 1353 1360 1361  
277 1248 1362  
278 1218 1234 1235 1247 1249 1250 1268 1291 1309 1400 1420 1422 1437  
279 1213 1322 1350 1377 1409 1417 1492 1499  
280 1259 1266 1283 1369  
281 1242 1295 1330 1333 1366 1414 1419 1457 1479  
282 1261 1311 1324 1340 1370 1381  
283 1289 1380 1401 1410 1411  
284 1253 1300 1323 1332 1337 1340 1352 1368 1370 1451  
285 1114 1122 1135 1224 1245 1249 1252 1304 1306 1308 1309 1310 1357 1430 1450  
286 1246 1257 1322 1350 1409 1417 1480 1483 1500  
287 1198 1244 1273 1287 1293 1301 1315 1326 1341 1378 1418 1431 1442  
288 1280 1307 1338 1348 1349 1353 1358 1375 1384 1403 1406 1432  
289 1222 1223 1316 1359 1364 1465 1486 1498 1517 1534 1547  
290 1174 1175 1207 1215 1233 1262 1282 1305 1327 1342 1365 1389 1472 1478  
291 1278 1288 1317 1331 1334 1344 1346 1355 1359 1426 1428 1434 1435 1447  
292 1146 1201 1202 1241 1257 1269  
293 1318 1371 1386 1387 1391 1415  
294 1184 1205 1227 1243 1247 1297 1393 1395 1400 1424 1453 1462 1468  
295 1189 1251 1265 1270 1279 1347 1374 1393 1413 1461 1464 1466 1555 1584 1597 1603 1618 1628 1634 1643 1666 1685 1686 1688  
296 1274 1329 1414 1472 1490 1509 1514 1519 1525 1530 1545  
297 1319 1321 1371 1397 1489  
298 1381 1394 1412 1455  
299 1335 1336 1351 1358 1360 1361 1374 1375 1384 1406 1425 1444 1445 1463 1495 1501 1505 1535  





























Table 3 - 3: List of all pores and the indices of its associated throats. 






























301 1379 1392 1397 1456 1523  
302 1420  
303 1376 1382 1405 1443 1510 1522 1526  
304 1388 1390 1438 1444 1470 1477 1504  
305 1240 1318 1321 1385 1399 1416 1475  
306 1389 1396 1419 1457 1485 1496 1502  
307 1422 1436 1437 1482  
308 1318 1385 1391 1399 1415 1416 1461 1539  
309 1513 1570  
310 1236 1238 1256 1263 1271 1277 1284 1296 1302 1317 1334 1344 1355 1428 1434 1435 1446 1473 1503 1588 1595 1630 1636 1648  
311 1220 1272 1292 1347 1351 1395 1401 1425 1441 1453 1471 1537 1538 1582 1602 1617 1623 1625 1687 1692  
312 1438 1448 1470 1471 1477 1494  
313 1339 1362 1369 1392 1456 1481 1491 1506 1507 1515 1516 1523 1527 1540 1572 1591  
314 1423 1427 1460 1465 1541 1565  
315 1303 1345 1363 1448 1469 1474 1518 1559 1563 1575  
316 1320 1380 1410 1411 1436 1441 1458 1462 1474 1537 1538 1593 1641 1642  
317 1484 1626 1633 1638 1647 1654 1657 1661  
318 1478 1496 1509 1520 1525  
319 1343 1354 1407 1458 1469 1510 1558 1564 1587 1607 1608 1709 1770 1779  
320 1481 1491 1506 1516 1521 1546  
321 1480 1483 1492 1499 1500 1508 1529 1542 1543 1551 1592  
322 1408 1423 1433 1460 1493 1541 1554 1565 1620 1621  
323 1508 1532 1533 1553 1557  
324 1445 1455 1463 1501 1505 1544 1560 1590 1632  
325 1449 1490 1561  
326 1228 1486 1503 1517 1549 1713  
327 1475 1488 1579  
328 1487 1527 1536 1540 1552  
329 1467 1529 1551 1574 1589  
330 1466 1468 1511 1555 1576 1578 1581 1583 1585 1586  
331 1454 1570 1802  
332 1356 1367 1373 1383 1404 1473 1497 1531 1568 1573 1596 1609 1624 1637 1640  
333 1204 1237 1260 1276 1313 1372 1404 1497 1528 1605 1660 1675 1676 1712 1727 1758  
334 1275 1312 1328 1479 1485 1502 1507 1515 1521 1546 1556 1580 1670 1679 1680 1691 1723  
335 1495 1536 1567 1571 1635  
336 1556 1598 1610  
337 1405 1429 1430 1440 1450 1482 1522 1564 1569 1608 1614 1615 1665 1668  
338 1459 1526 1558 1587 1605 1709 1758  
339 1518 1528 1559 1563 1573 1607 1683 1763 1787 1790 1805 1814  
340 1489 1604 1619 1659 1662 1667  
341 1576 1581 1585 1597 1600 1611 1612 1616 1618 1622 1628 1664 1682 1699 1706 1718  
342 1569 1593 1615 1649 1669 1684  
343 1494 1504 1575 1606 1645 1653 1663  
344 1562 1584 1601 1603 1611 1616 1634 1705 1710 1718 1743  
345 1646  
346 1535 1544 1582 1602 1617 1623 1673 1694 1702 1732 1751 1769  
347 1451 1476 1493 1531 1548 1577 1631 1650 1652 1855  
348 1561 1633 1639 1654 1655 1674 1677 1678 1681 1693 1697 1698  
349 1530 1566 1598 1599 1651 1658 1672 1689 1707 1711 1714  
350 1539 1552 1567 1591 1604 1613 1662 1667 1715 1724 1726 1744 1752 1753 1766 1767 1810  
351 1572 1580 1629 1644 1656 1765 1811  
352 1614 1756 1780  
353 1663 1740  
354 1639 1655 1674 1677 1678 1681 1733 1757 1762  
355 1594 1613 1619 1659 1721  
356 1519 1524 1560 1590 1610 1629 1632 1656 1708 1717 1720 1728 1731 1777 1778 1783 1785 1788 1799 1823 1825 1838 1841 1898 1905  
357 1574 1589 1696 1742  
358 1512 1548 1554 1650 1717 1777 1901 1916 1934 1936  
359 1651 1658 1670 1691 1719 1722 1738 1739 1755  
360 1398 1413 1464 1488 1511 1513 1562 1578 1583 1586 1600 1601 1612 1646 1682 1699 1705 1706 1743 1772 1773 1853  
361 1660 1675  
362 1697  
363 1620 1627 1652 1858 1881 1897  
364 1426 1446 1447 1498 1503 1534 1547 1549 1588 1627 1630 1636 1671 1703 1851  
365 1402 1421 1439 1452 1532 1533 1542 1543 1553 1557 1592 1621 1696 1750 1754 1784 1786 1815 1819 1826 1829 1830 1832 1867  
366 1625 1645 1701 1816 1833 1883  
367 1571 1643 1673 1685 1686 1687 1688 1730 1734 1736 1737 1760 1795 1857 1870 1929 1931 1943  
368 1626 1638 1657 1693 1698 1716 1794 1803 1845 1848 1850 1852 1864 1872 1879  
369 1631 1637 1729  
370 1719 1723 1774 1797 1809 1899  
371 1641 1649 1665 1668 1669 1684 1746 1756 1793 1798 1847 1878 1900 1915 1927  
372 1622 1664 1666 1736 1747 1773  
373 1635 1644 1694 1741 1748 1751 1760 1919 1929 1943  
374 1748 1759 1824  
375 1716 1794 1845 1861 1917  
376 1514 1520 1545 1566 1599 1672 1690 1700 1711 1722 1725 1738 1739 1774 1800 1804 1880 1887  
377 1724 1749 1753 1775 1789 1801 1818  
378 1640 1648 1671 1704 1729 1904  
379 1806 1820 1836 1885 1922  
380 1647 1661 1690 1700 1757 1856  
381 1550 1568 1577 1596 1606 1609 1624 1683 1782 1791 1865 1907 1914  
382 1695 1703 1745 1913  
383 1728 1735 1771 1783 1788 1799 1807 1823 1840  
384 1579 1594 1710 1721 1834 1857  
385 1749 1781 1801 1812 1818 1821 1835 1844 1859  
386 1689 1707 1708 1714 1725 1755 1762 1764 1792 1796 1797 1800 1804 1808 1809 1817 1846  
387 1761 1768 1816 1820 1836  
388 1679 1680 1828 1869 1871 1890 1891  
389 1822 1875  
390 1702 1720 1732 1735 1741 1759 1761 1768 1769 1776 1824 1833 1903 1906  
391 1731 1733 1764 1778 1792 1796 1808 1817 1825 1838 1886  
392 1771 1776 1785 1806 1807 1840 1841 1873 1885  
393 1715 1726 1744 1752 1766 1767 1775 1781 1812 1821 1831 1835 1839 1842 1844 1868  
394 1754 1784 1786 1815 1827 1829 1830 1832 1837 1845 1849 1850 1860 1861 1864 1867 1911  
395 1772 1822 1874 1895 1908 1942  
396 1713 1742  
397 1595 1676 1695 1704 1745 1910 1924  
398 1770 1779 1854 1862 1882 1892  
399 1642 1653 1692 1701 1746 1793 1889 1900 1925 1939  
400 1802 1874 1875 1927  
Connected Throats
Table 3 - 4: List of all pores and the indices of its associated throats. 
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Pore Index
401 1811 1828 1843 1869 1871 1876 1884 1888 1896 1909 1932 1937  
402 1862  
403 1730 1734 1737 1747 1795 1853 1870 1920 1931 1935  
404 1859 1877 1896 1940  
405 1712 1727 1763 1813 1924  
406 1805 1863 1918  
407 1810 1831 1834 1839 1842 1868 1933 1940  
408 1787 1791 1813 1894 1904 1910  
409 1765 1789 1843 1877 1893 1933 1941  
410 1846 1880 1887 1912 1926  
411 1780 1798 1878  
412 1851 1866 1928  
413 1858 1866  
414 1876 1884 1888 1890 1891 1893 1899 1909 1932 1937  
415 1886 1912  
416 1854 1863 1882 1902 1918  
417 1903 1923  
418 1865 1894 1930  
419 1847 1892 1902 1915 1939  
420 1740 1782 1790 1814 1925  
421 1873 1898 1905  
422 1906 1921 1923  
423 1907 1914  
424 1855 1897 1916 1930 1934 1936  
425 1750 1803 1819 1826 1827 1837 1848 1849 1852 1860 1872 1879 1881 1901 1916  
426 1856 1926  
427 1919 1921 1941  
428 1911  
429 1883 1889 1938  
430 1922 1938  
431 1895 1908 1920 1935 1942  
432 1913 1928  




























Table 3 - 5: List of all pores and the indices of its associated throats. 
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Appendix 4: Size of all throats 
This appendix presents the size of all throats (1943 throats) in the rock sample. The size was estimated directly from 3D 
realization of the pore space based on the 2D micro-CT images. An algorithm that was created by Andrew et al. [10] has 


























Table 4 - 1: List of all throat-sizes. 
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Table 4 - 2: List of all throat-sizes. 
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Table 4 - 3: List of all throat-sizes. 























































































































































































































































































































































































Table 4 - 4: List of all throat-sizes. 
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Appendix 5: Size of all pores 
This appendix presents the size of all pores (433 pores) in the rock sample. The size was estimated directly from 3D realization 
of the pore space based on the 2D micro-CT images. An algorithm that was created by Andrew et al. [10] has automated the 















































































































































































































































































































































































































































































Table 5 - 1: List of all pore-sizes. 
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Appendix 6: Comparison plots of adjacent and inner throats sizes in each ganglion 
This appendix shows comparison plots of the sizes of all adjacent and inner throats for each ganglion. With detailed 
description of each ganglion in terms of: indices of the occupied pores, number of adjacent throats, number anomalous throats 
(if any), number of inner throats, largest adjacent throat size and largest inner throat size. 
Ganglia located in more than one pore 
Ganglia with no anomalous throats 
Ganglion 69 is located at pores 72 and 74. It has 1 inner throat that is greater than 14 adjacent throats surrounding the 
ganglion. Maximum adjacent throat radius is 30.18 µm while the maximum inner throat radius is 35.33 µm. Minimum 
adjacent throat radius is 3.53 µm. For this case, snap off threshold radius is about 20.6 µm, at least at this specific locality. 
 
Ganglion 159 is located at pores 163, 177 and 195. It has 2 inner throats that are greater than 27 adjacent throats surrounding 
the ganglion. Maximum adjacent throat radius is 31 µm while the maximum inner throat radius is 53 µm. Minimum adjacent 
throat radius is 3.53 µm. 
 
Ganglion 162 is located at pores 164 and 225. It has 1 inner throat that is greater than 29 adjacent throats surrounding the 
ganglion. Maximum adjacent throat radius is 16.57 µm while the maximum inner throat radius is 21.7 µm. Minimum adjacent 

















































































































































































Inner throats - Ganglion 159 Adjacent throats - Ganglion 159
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Ganglion 230 is located at pores 203, 257 and 273. It has 2 inner throats that are greater than 28 adjacent throats surrounding 
the ganglion. Maximum adjacent throat radius is 20.6 µm while the maximum inner throat radius is 27.8 µm. Minimum 
adjacent throat radius is 3.53 µm. For this case, snap off threshold radius is about 20.6 µm. 
 
Ganglia with few anomalous throats 
Ganglion 15 is located at pores 53 and 97. It has 1 inner throat and surrounded by 28 adjacent throats. Inner throat # 327 is 
greater than all adjacent ones except throat # 92. Maximum adjacent throat radius is 24.73 µm while the maximum inner throat 
radius is 20.29 µm. Minimum adjacent throat radius is 3.53 µm. Ganglion 150 is located in only one pore. It is surrounded by 
































































































































































































































































Inner Throats - Ganglion 230 Adjacent Throats - Ganglion 230
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Ganglion 72 is located at pores 80, 88 and 126. It has 2 inner throats and surrounded by 32 adjacent throats. Inner throat # 481 
is greater than all adjacent throats. However, inner throat # 360 is greater than 23 adjacent ones. Maximum adjacent throat 
radius is 35.5 µm while the maximum inner throat radius is 39.181 µm. Minimum adjacent throat radius is 3.53 µm. 
 
Ganglion 82 is located at pores 96, 127, 151 and 162. It has 3 inner throats and surrounded by 33 adjacent throats. Inner throat 
# 409 is greater than all adjacent throats. However, inner throats # 623 and 673 are greater than 30 and 31 adjacent throats 
respectively. Maximum adjacent throat radius is 35.5 µm while the maximum inner throat radius is 39.181 µm. Minimum 


































































































































































































































Inner Throats - Ganglion 72 Adjacent Throats - Ganglion 72
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Ganglion 178 is located at pores 184, 205, 217 and 241. It has 4 inner throats and surrounded by 33 adjacent throats. Inner 
throats # 779 and 879 is greater than all adjacent throats. However, inner throats # 883 and 1050 are greater than all adjacent 
ones except throat # 713. Maximum adjacent throat radius is 31.186 µm while the maximum inner throat radius is 76.3 µm. 
Minimum adjacent throat radius is 3.53 µm. 
 
Ganglion 258 is located at pores 240, 266 and 291. It has 2 inner throats and surrounded by 27 adjacent throats. Inner throat # 
1164 is greater than all adjacent throats. However, inner throat # 1346 is greater than 23 adjacent ones. Maximum adjacent 























































































































































































































































































Inner Throat - Ganglion 178 Adjacent Throat - Ganglion 178
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Ganglion 274 is located at pores 310, 332, 333, 347, 364, 378 and 397. This ganglion is the largest one and it has 6 inner 
throats and surrounded by 33 adjacent throats. Inner throat # 1704 is greater than all adjacent throats. However, other inner 
throats are not greater than all adjacent ones. Maximum adjacent throat radius is 54.9 µm while the maximum inner throat 
radius 61.7 µm. Minimum adjacent throat radius is 3.53 µm. 
 
Ganglion 346 is located at pores 381, 405 and 408. It has 2 inner throats that are both smaller than 19 adjacent throats 
surrounding the ganglion. Maximum adjacent throat radius is 39.65 µm while the maximum inner throat radius is 38.7 µm. 
Minimum adjacent throat radius is 3.53 µm. For this case, snap off threshold radius is about 20.6 µm. This is a very unique 





















































































































































































































































































































Inner throats - Ganglino 274 Adjacent throats - Ganglion 274
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Ganglia located at one pore 
Ganglion 111 is located in only one pore. It is surrounded by 19 throats; the greatest one among them has a radius of 59.64 
µm. 
 


























































































































































































Inner Throats - Ganglion 111 Adjacent Throats - Ganglion 111
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Inner throat - Ganglion 125 Adjacent throat - Ganglion 125
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Ganglion 203 is located in only one pore. It is surrounded by 16 throats; the greatest one among them has a radius of 34.25 
µm. 

















































































































































































Inner Throats - Ganglion 203 Adjacent Throats - Ganglion 203
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Inner throats - Ganglion 242 Adjacent throats - Ganglion 242
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Ganglion 342 is located in only one pore. It is surrounded by 17 throats; the greatest one among them has a radius of 20.29 
µm. 
 


































































































































































































































































Inner throats - Ganglion 352 Adjacent throats - Ganglion 352
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Ganglion # Adjacent pore # Adjacent throats # rp (µm) rt (µm) rp/rt
111 73 371 52.52 16.19 3.24
111 73 376 52.52 35.33 1.49
111 98 407 41.65 3.53 11.79
111 98 416 41.65 3.53 11.79
111 90 427 69.32 20.30 3.42
111 98 438 41.65 6.12 6.81
111 98 446 41.65 10.60 3.93
111 90 447 69.32 5.00 13.87
111 101 452 45.38 17.67 2.57
111 131 453 97.46 3.53 27.59
111 131 474 97.46 19.35 5.04
111 90 478 69.32 37.56 1.85
111 98 479 41.65 14.99 2.78
111 114 531 71.10 44.97 1.58
111 148 572 75.86 59.64 1.27
111 167 655 62.10 16.19 3.84
111 167 682 62.10 38.86 1.60
111 200 765 43.27 7.90 5.48
111 200 778 43.27 5.00 8.66
111 200 796 43.27 0.00 3.7E+39
150 106 422 20.60 5.00 4.12
150 106 436 20.60 0.00 1.8E+39
150 106 455 20.60 0.00 1.8E+39
150 106 456 20.60 7.07 2.92
150 81 473 69.95 10.60 6.60
150 104 475 33.33 14.99 2.22
150 104 483 33.33 6.12 5.45
150 69 492 91.93 0.00 7.8E+39
150 144 493 34.07 0.00 2.9E+39
150 125 502 27.59 3.53 7.81
150 151 509 104.45 3.53 29.56
150 122 510 42.98 13.22 3.25
150 144 520 34.07 7.90 4.31
150 151 523 104.45 10.60 9.85
150 144 543 34.07 6.12 5.57
150 144 552 34.07 6.12 5.57
150 144 553 34.07 0.00 2.9E+39
150 131 568 97.46 3.53 27.59
150 122 581 42.98 19.99 2.15
150 144 590 34.07 3.53 9.64
150 144 591 34.07 5.00 6.82
150 151 596 104.45 9.99 10.45
150 151 599 104.45 7.07 14.78
150 144 600 34.07 0.00 2.9E+39
150 144 601 34.07 0.00 2.9E+39
150 151 606 104.45 7.90 13.22
150 151 610 104.45 0.00 8.9E+39
150 131 612 97.46 0.00 8.3E+39
150 157 616 35.51 17.67 2.01
150 143 617 50.59 10.60 4.77
150 157 645 35.51 5.00 7.11
150 131 704 97.46 14.57 6.69
150 194 781 47.66 22.62 2.11
150 195 785 78.76 30.39 2.59
150 214 821 75.61 0.00 6.4E+39
150 205 830 90.35 3.53 25.57
334 296 1519 63.69 14.13 4.51
334 300 1524 68.60 16.57 4.14
334 324 1560 44.69 14.57 3.07
334 336 1610 40.44 24.73 1.64
334 351 1629 69.41 13.22 5.25
334 324 1632 44.69 6.12 7.30
334 351 1656 69.41 28.48 2.44
334 386 1708 58.70 27.14 2.16
334 358 1717 64.08 7.07 9.07
334 390 1720 50.95 5.00 10.20
334 383 1728 25.96 22.90 1.13
334 391 1731 32.76 17.31 1.89
334 358 1777 64.08 3.53 18.14
334 391 1778 32.76 8.65 3.79
334 383 1783 25.96 3.53 7.35
334 392 1785 31.80 10.60 3.00
334 383 1788 25.96 7.90 3.29
334 383 1799 25.96 5.00 5.20
334 383 1823 25.96 5.00 5.20
334 391 1825 32.76 7.90 4.15
334 391 1838 32.76 10.60 3.09
334 421 1898 42.84 7.07 6.06
334 421 1905 42.84 14.99 2.86
203 88 663 57.73 7.07 8.17
203 145 666 48.05 31.20 1.54
203 160 671 56.31 34.25 1.64
203 219 768 56.64 3.53 16.03
203 185 851 47.40 16.19 2.93
203 191 863 24.73 9.99 2.47
203 184 894 43.13 7.07 6.10
203 196 921 47.53 5.00 9.51
203 196 942 47.53 5.00 9.51
203 181 1020 40.59 12.74 3.19
203 242 1044 41.95 9.99 4.20
203 236 1058 46.60 7.90 5.90
203 236 1068 46.60 11.17 4.17
203 242 1069 41.95 23.70 1.77
203 242 1070 41.95 7.07 5.94
203 236 1130 46.60 22.62 2.06
352 316 1642 80.72 11.17 7.22
352 343 1653 53.58 10.60 5.06
352 311 1692 94.80 6.12 15.49
352 366 1701 52.28 36.89 1.42
352 371 1746 67.59 19.99 3.38
Ganglion # Adjacent pore # Adjacent throats # rp (µm) rt (µm) rp/rt
352 371 1793 67.59 17.67 3.83
352 429 1889 52.28 27.59 1.89
352 371 1900 67.59 23.70 2.85
352 420 1925 63.30 23.96 2.64
352 419 1939 36.20 14.13 2.56
342 335 1571 43.13 10.60 4.07
342 295 1643 77.81 7.90 9.85
342 346 1673 39.66 20.30 1.95
342 295 1685 77.81 3.53 22.02
342 295 1686 77.81 3.53 22.02
342 311 1687 94.80 7.90 12.00
342 295 1688 77.81 3.53 22.02
342 403 1730 53.23 14.99 3.55
342 403 1734 53.23 17.67 3.01
342 372 1736 36.03 17.67 2.04
342 403 1737 53.23 7.90 6.74
342 373 1760 61.70 5.00 12.35
342 403 1795 53.23 14.13 3.77
342 403 1870 53.23 14.57 3.65
342 373 1929 61.70 3.53 17.46
342 403 1931 53.23 18.01 2.95
342 373 1943 61.70 3.53 17.46
119 75 434 40.90 13.22 3.09
119 123 453 84.94 3.53 24.04
119 123 474 84.94 19.35 4.39
119 132 503 32.57 18.02 1.81
119 151 512 104.45 38.86 2.69
119 151 537 104.45 3.53 29.56
119 126 542 57.08 19.03 3.00
119 157 551 35.51 3.53 10.05
119 154 568 85.74 3.53 24.27
119 157 577 35.51 7.07 5.02
119 132 579 32.57 14.99 2.17
119 157 589 35.51 3.53 10.05
119 157 594 35.51 5.00 7.11
119 157 597 35.51 7.07 5.02
119 157 608 35.51 18.01 1.97
119 157 624 35.51 3.53 10.05
119 149 625 27.59 3.53 7.81
119 149 638 27.59 11.17 2.47
119 149 640 27.59 3.53 7.81
119 167 674 62.10 37.56 1.65
119 149 694 27.59 10.60 2.60
119 143 695 50.59 3.53 14.32
119 154 704 85.74 14.57 5.89
119 149 708 27.59 3.53 7.81
119 157 722 35.51 10.60 3.35
119 149 730 27.59 7.07 3.91
119 157 735 35.51 17.67 2.01
119 157 737 35.51 3.53 10.05
119 157 762 35.51 17.67 2.01
119 223 820 122.54 22.62 5.42
119 192 852 23.70 3.53 6.71
119 192 859 23.70 7.07 3.35
119 223 886 122.54 7.90 15.51
232 211 931 70.22 5.00 14.05
232 179 932 35.51 19.35 1.83
232 179 941 35.51 14.57 2.44
232 211 965 70.22 18.36 3.82
232 209 973 39.50 15.40 2.56
232 216 974 31.60 3.53 8.94
232 211 982 70.22 7.07 9.94
232 11 991 36.20 5.00 7.25
232 216 1000 31.60 13.22 2.39
232 211 1039 70.22 14.57 4.82
232 223 1042 122.54 22.90 5.35
232 209 1060 39.50 7.90 5.00
232 258 1107 62.70 24.98 2.51
232 268 1156 62.21 14.99 4.15
125 74 406 64.37 14.57 4.42
125 116 487 54.04 33.33 1.62
125 116 540 54.04 3.53 15.30
125 137 548 33.33 10.60 3.14
125 173 588 67.22 20.60 3.26
125 168 614 59.75 16.19 3.69
125 173 622 67.22 52.04 1.29
125 137 627 33.33 7.90 4.22
125 228 939 59.75 12.74 4.69
242 188 924 51.92 18.36 2.83
242 188 1007 51.92 3.53 14.70
242 208 1013 40.90 14.99 2.73
242 232 1051 42.54 21.20 2.01
242 243 1094 52.64 7.07 7.45
242 232 1098 42.54 20.30 2.10
242 243 1100 52.64 18.02 2.92
242 272 1169 69.68 23.70 2.94
242 310 1236 115.14 37.05 3.11
242 310 1238 115.14 14.57 7.90
242 310 1256 115.14 18.01 6.39
242 310 1271 115.14 3.53 32.59
242 310 1277 115.14 7.07 16.29
242 310 1302 115.14 9.99 11.52
72 54 150 41.20 7.07 5.83
72 54 157 41.20 3.53 11.66
72 21 214 72.41 31.60 2.29
72 21 236 72.41 14.57 4.97
72 18 242 35.51 12.74 2.79
72 21 248 72.41 7.90 9.17
72 67 259 102.03 20.90 4.88
72 88 262 57.73 19.99 2.89
Appendix 7: Ratio of adjacent pore size to adjacent throat size for each throat in a ganglion 
Multiple data sets were used to come up with an (rp/rt) ratio for all adjacent and inner throats. Sizes of all adjacent and inner 
throats were identified (See Appendices 4 and 5). Since throats are always connecting 2 pores, adjacent pores are the ones on 
the one end of a throat that does not contain a ganglion. Given that the pores containing the ganglion are known based on the 


























Table 7 - 1: Contraction ratio (rp/rt) for all throats adjacent to all studied ganglia. 
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Ganglion # Adjacent pore # Adjacent throats # rp (µm) rt (µm) rp/rt
72 54 310 41.20 16.19 2.54
72 80 315 71.19 22.62 3.15
72 67 323 102.03 7.90 12.92
72 88 338 57.73 7.07 8.17
72 67 340 102.03 3.53 28.88
72 75 345 40.90 9.99 4.09
72 108 365 61.90 35.51 1.74
72 80 366 71.19 3.53 20.15
72 95 393 52.52 27.14 1.94
72 80 439 71.19 17.67 4.03
72 80 463 71.19 3.53 20.15
72 80 467 71.19 29.13 2.44
72 143 494 50.59 16.19 3.12
72 131 542 97.46 19.03 5.12
72 145 554 48.05 29.35 1.64
72 108 569 61.90 19.35 3.20
72 160 602 56.31 18.01 3.13
72 143 652 50.59 18.01 2.81
72 145 656 48.05 6.12 7.85
72 145 662 48.05 9.99 4.81
72 207 663 95.39 7.07 13.50
72 145 686 48.05 7.07 6.80
72 182 715 68.60 11.17 6.14
72 196 782 47.53 14.13 3.36
69 24 160 83.38 19.35 4.31
69 48 192 52.04 30.19 1.72
69 34 193 52.04 11.17 4.66
69 25 197 80.95 6.12 13.23
69 90 206 69.32 14.57 4.76
69 25 228 80.95 18.01 4.49
69 90 279 69.32 7.07 9.81
69 90 296 69.32 7.07 9.81
69 101 318 45.38 9.99 4.54
69 74 326 64.37 20.90 3.08
69 101 384 45.38 5.00 9.08
69 101 390 45.38 3.53 12.85
69 135 406 92.40 14.57 6.34
69 90 414 69.32 8.65 8.01
82 32 155 83.76 7.90 10.60
82 32 156 83.76 25.48 3.29
82 40 161 36.55 14.99 2.44
82 32 171 83.76 12.74 6.57
82 52 226 43.13 14.99 2.88
82 32 234 83.76 3.53 23.71
82 32 245 83.76 17.67 4.74
82 100 306 43.99 12.74 3.45
82 85 356 62.51 15.80 3.96
82 151 412 104.45 29.98 3.48
82 90 435 69.32 23.70 2.92
82 111 460 57.51 14.57 3.95
82 90 466 69.32 10.60 6.54
82 125 476 27.59 7.90 3.49
82 85 484 62.51 18.02 3.47
82 125 485 27.59 14.57 1.89
82 130 488 39.50 14.99 2.64
82 130 495 39.50 14.13 2.80
82 125 497 27.59 12.74 2.17
82 125 508 27.59 3.53 7.81
82 154 509 85.74 3.53 24.27
82 151 512 104.45 38.86 2.69
82 109 517 38.05 15.40 2.47
82 154 523 85.74 10.60 8.09
82 125 528 27.59 11.17 2.47
82 118 530 33.33 17.67 1.89
82 131 537 97.46 3.53 27.59
82 173 559 67.22 21.20 3.17
82 130 586 39.50 14.13 2.80
82 157 593 35.51 7.07 5.02
82 154 596 85.74 9.99 8.58
82 154 599 85.74 7.07 12.13
82 146 603 29.98 14.99 2.00
159 78 429 33.14 20.30 1.63
159 129 658 30.60 3.53 8.66
159 129 684 30.60 3.53 8.66
159 186 699 30.19 6.12 4.93
159 129 717 30.60 3.53 8.66
159 169 729 56.86 10.60 5.36
159 162 750 69.41 5.00 13.89
159 183 757 36.20 3.53 10.25
159 163 767 70.40 3.53 19.92
159 169 771 56.86 10.60 5.36
159 151 777 104.45 14.57 7.17
159 154 785 85.74 30.39 2.82
159 189 792 44.27 10.60 4.18
159 163 798 70.40 9.99 7.04
159 169 818 56.86 7.07 8.05
159 180 824 28.48 13.22 2.15
159 169 825 56.86 11.17 5.09
159 214 831 75.61 31.00 2.44
159 203 867 45.24 20.60 2.20
159 188 868 51.92 3.53 14.70
159 214 880 75.61 19.03 3.97
159 209 918 39.50 14.99 2.64
159 203 928 45.24 3.53 12.81
159 218 975 47.53 21.78 2.18
159 217 1010 98.92 18.01 5.49
159 195 1062 78.76 14.57 5.41
159 257 1083 64.86 20.60 3.15
178 143 713 50.59 30.19 1.68
178 127 714 78.92 17.31 4.56
Ganglion # Adjacent pore # Adjacent throats # rp (µm) rt (µm) rp/rt
178 154 830 85.74 3.53 24.27
178 196 841 47.53 3.53 13.45
178 217 843 98.92 12.74 7.77
178 196 869 47.53 3.53 13.45
178 192 875 23.70 9.99 2.37
178 194 887 47.66 7.07 6.75
178 207 894 95.39 7.07 13.50
178 194 897 47.66 5.00 9.54
178 192 909 23.70 5.00 4.74
178 196 912 47.53 14.57 3.26
178 192 919 23.70 10.60 2.24
178 194 945 47.66 3.53 13.49
178 194 956 47.66 3.53 13.49
178 194 966 47.66 7.90 6.03
178 192 984 23.70 5.00 4.74
178 217 985 98.92 3.53 28.00
178 195 1010 78.76 18.01 4.37
178 194 1016 47.66 3.53 13.49
178 223 1027 122.54 9.99 12.26
178 223 1054 122.54 14.57 8.41
178 217 1063 98.92 3.53 28.00
178 217 1064 98.92 7.07 14.00
178 217 1090 98.92 16.19 6.11
178 223 1108 122.54 3.53 34.68
178 252 1145 23.44 5.00 4.69
178 252 1153 23.44 7.07 3.32
178 252 1155 23.44 5.00 4.69
178 252 1166 23.44 3.53 6.63
178 223 1171 122.54 11.72 10.46
178 252 1180 23.44 7.90 2.97
178 252 1211 23.44 3.53 6.63
230 163 867 70.40 20.60 3.42
230 169 874 56.86 6.12 9.29
230 163 928 70.40 3.53 19.92
230 212 992 30.39 5.00 6.08
230 225 1009 63.69 14.99 4.25
230 225 1028 63.69 6.12 10.41
230 231 1046 24.73 3.53 7.00
230 231 1052 24.73 3.53 7.00
230 257 1079 64.86 7.90 8.21
230 177 1083 65.81 20.60 3.19
230 231 1084 24.73 7.07 3.50
230 214 1172 75.61 6.12 12.36
230 240 1173 45.93 20.60 2.23
230 284 1253 47.92 14.57 3.29
230 300 1290 68.60 19.03 3.61
230 287 1301 34.25 5.00 6.86
230 300 1314 68.60 7.07 9.71
230 287 1315 34.25 3.53 9.70
230 287 1326 34.25 5.00 6.86
230 279 1377 35.33 7.07 5.00
230 287 1378 34.25 3.53 9.70
230 287 1418 34.25 5.00 6.86
230 365 1421 53.11 9.99 5.32
230 287 1431 34.25 3.53 9.70
230 365 1439 53.11 3.53 15.03
230 287 1442 34.25 3.53 9.70
230 325 1449 31.60 12.74 2.48
230 365 1452 53.11 7.07 7.52
274 258 1204 62.70 19.35 3.24
274 245 1236 70.48 37.05 1.90
274 272 1237 69.68 51.92 1.34
274 245 1238 70.48 14.57 4.84
274 245 1256 70.48 18.01 3.91
274 256 1260 79.94 14.57 5.49
274 272 1263 69.68 27.59 2.53
274 245 1271 70.48 3.53 19.95
274 274 1276 57.19 9.99 5.72
274 245 1277 70.48 7.07 9.97
274 256 1296 79.94 14.13 5.66
274 245 1302 70.48 9.99 7.05
274 258 1313 62.70 14.99 4.18
274 291 1317 47.14 7.90 5.97
274 291 1355 47.14 21.20 2.22
274 266 1356 51.08 6.12 8.35
274 244 1367 35.51 21.20 1.67
274 274 1372 57.19 10.60 5.40
274 268 1373 62.21 14.13 4.40
274 266 1383 51.08 18.01 2.84
274 332 1404 100.12 20.60 4.86
274 291 1426 47.14 11.17 4.22
274 291 1428 47.14 7.07 6.67
274 291 1434 47.14 5.00 9.43
274 310 1446 115.14 14.57 7.90
274 291 1447 47.14 3.53 13.34
274 284 1451 47.92 15.40 3.11
274 310 1473 115.14 13.22 8.71
274 266 1476 51.08 18.02 2.84
274 322 1493 51.56 35.15 1.47
274 289 1498 49.21 5.00 9.85
274 339 1528 71.19 54.96 1.30
274 289 1534 49.21 3.53 13.93
258 188 1030 51.92 3.53 14.70
258 225 1087 63.69 5.00 12.75
258 225 1088 63.69 5.00 12.75
258 218 1103 47.53 21.78 2.18
258 218 1128 47.53 16.19 2.94
258 244 1170 35.51 10.60 3.35
258 257 1173 64.86 20.60 3.15
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Ganglion # Adjacent pore # Adjacent throats # rp (µm) rt (µm) rp/rt
258 244 1231 35.51 17.67 2.01
258 267 1278 25.72 7.90 3.26
258 291 1288 47.14 18.01 2.62
258 310 1317 115.14 7.90 14.57
258 284 1323 47.92 12.74 3.76
258 267 1331 25.72 3.53 7.28
258 310 1355 115.14 21.20 5.43
258 332 1356 100.12 6.12 16.36
258 289 1359 49.21 11.17 4.40
258 289 1364 49.21 10.60 4.64
258 332 1383 100.12 18.01 5.56
258 322 1408 51.56 13.22 3.90
258 364 1426 80.95 11.17 7.25
258 314 1427 32.57 10.60 3.07
258 310 1428 115.14 7.07 16.29
258 322 1433 51.56 3.53 14.59
258 310 1434 115.14 5.00 23.04
258 364 1447 80.95 3.53 22.91
258 347 1476 94.60 18.02 5.25
15 22 13 43.70 10.60 4.12
15 22 29 43.70 16.19 2.70
15 22 43 43.70 19.03 2.30
15 24 87 83.38 11.72 7.12
15 36 88 97.01 3.53 27.46
15 24 92 83.38 24.73 3.37
15 36 102 97.01 7.07 13.73
15 36 108 97.01 7.90 12.28
15 36 125 97.01 8.65 11.21
15 47 168 43.70 9.99 4.37
15 32 187 83.76 19.35 4.33
15 90 207 69.32 15.80 4.39
15 47 211 43.70 5.00 8.75
15 90 252 69.32 14.99 4.62
15 85 254 62.51 7.90 7.91
15 66 302 86.25 6.12 14.09
15 85 317 62.51 17.31 3.61
15 116 325 54.04 7.90 6.84
15 74 326 64.37 20.90 3.08
15 116 342 54.04 3.53 15.30
15 90 361 69.32 3.53 19.62
15 116 374 54.04 18.36 2.94
15 85 375 62.51 7.90 7.91
15 109 385 38.05 8.65 4.40
15 109 402 38.05 5.00 7.62
15 90 445 69.32 10.60 6.54
15 118 451 33.33 17.31 1.93
15 173 496 67.22 14.13 4.76
162 138 561 36.37 14.13 2.57
162 147 651 40.13 3.53 11.36
162 147 664 40.13 16.57 2.42
162 166 747 20.30 7.90 2.57
162 171 776 31.60 3.53 8.94
162 129 809 30.60 3.53 8.66
162 129 817 30.60 5.00 6.12
162 188 858 51.92 7.90 6.57
162 180 862 28.48 5.00 5.70
162 188 871 51.92 3.53 14.70
162 188 872 51.92 3.53 14.70
162 188 893 51.92 3.53 14.70
162 225 898 63.69 10.60 6.01
162 188 900 51.92 3.53 14.70
162 129 904 30.60 5.00 6.12
162 129 968 30.60 3.53 8.66
162 129 976 30.60 14.13 2.17
162 188 994 51.92 3.53 14.70
162 203 1009 45.24 14.99 3.02
162 183 1014 36.20 12.74 2.84
162 203 1028 45.24 6.12 7.39
162 231 1041 24.73 3.53 7.00
162 188 1081 51.92 5.00 10.39
162 240 1087 45.93 5.00 9.19
162 240 1088 45.93 5.00 9.19
162 250 1119 23.44 5.00 4.69
162 250 1134 23.44 7.90 2.97
162 279 1213 35.33 9.99 3.54
162 329 1467 28.70 3.53 8.12
346 268 1550 62.21 3.53 17.61
346 332 1568 100.12 10.60 9.45
346 347 1577 94.60 31.80 2.98
346 332 1596 100.12 30.19 3.32
346 343 1606 53.58 31.99 1.67
346 332 1624 100.12 7.07 14.17
346 339 1683 71.19 39.66 1.80
346 333 1712 99.55 3.53 28.18
346 333 1727 99.55 24.73 4.03
346 339 1763 71.19 28.92 2.46
346 420 1782 63.30 21.49 2.95
346 339 1787 71.19 14.57 4.89
346 418 1865 54.96 3.53 15.56
346 418 1894 54.96 21.78 2.52
346 378 1904 78.76 7.90 9.97
346 423 1907 30.80 7.90 3.90
346 397 1910 84.42 14.99 5.63
346 423 1914 30.80 14.57 2.11
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Ganglion # Adjacent throats # rp (µm) rt (µm) rp/rt
274 1497 99.55 40.74 2.44
274 1503 80.95 50.71 1.60
274 1531 94.6 39.66 2.39
274 1640 78.76 53.35 1.48
274 1671 78.76 43.13 1.83
274 1704 78.76 61.70 1.28
15 327 51.07 20.30 2.52
69 243 64.37 35.33 1.82
72 360 57.73 17.67 3.27
72 481 71.188 39.18 1.82
159 649 65.8 53.11 1.24
159 840 65.8 34.25 1.92
162 814 51.07 21.78 2.34
178 1050 51.07 19.03 2.68
178 883 43.126 26.67 1.62
178 879 90.35 76.27 1.18
178 779 43.126 33.52 1.29
230 1061 45.2447 27.82 1.63
230 1239 36.88 20.90 1.76
258 1164 45.6 30.19 1.51
258 1346 47.13 19.03 2.48
82 409 78.9 55.86 1.41
82 623 69.4 23.44 2.96
82 673 69.4 27.59 2.52
346 1791 67.4 38.70 1.74





















Table 7 - 4: Contraction ratio (rp/rt) for all throats inside all ganglia. 
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Appendix 8: Microsoft Visual Basic code used to create the adjacent throats dataset 
Below is the detailed Visual Basic (VB) code that was used to extract all throats adjacent to a certain ganglion, given 
the pores occupied by that ganglion and the connected throats to each pore. A copy of the excel sheet that runs this 




' Macro1 Macro 
' 
' Keyboard Shortcut: Ctrl+w 
' 
    Application.CutCopyMode = False 
    Selection.Copy 
    ActiveWindow.ScrollColumn = 32 
    ActiveWindow.ScrollColumn = 31 
    ActiveWindow.ScrollColumn = 30 
    ActiveWindow.ScrollColumn = 29 
    ActiveWindow.ScrollColumn = 28 
    ActiveWindow.ScrollColumn = 27 
    ActiveWindow.ScrollColumn = 26 
    ActiveWindow.ScrollColumn = 25 
    ActiveWindow.ScrollColumn = 24 
    ActiveWindow.ScrollColumn = 23 
    ActiveWindow.ScrollColumn = 22 
    ActiveWindow.ScrollColumn = 21 
    ActiveWindow.ScrollColumn = 20 
    ActiveWindow.ScrollColumn = 18 
    ActiveWindow.ScrollColumn = 17 
    ActiveWindow.ScrollColumn = 16 
    ActiveWindow.ScrollColumn = 15 
    ActiveWindow.ScrollColumn = 14 
    ActiveWindow.ScrollColumn = 13 
    ActiveWindow.ScrollColumn = 12 
    ActiveWindow.ScrollColumn = 11 
    ActiveWindow.ScrollColumn = 10 
    ActiveWindow.ScrollColumn = 9 
    ActiveWindow.ScrollColumn = 8 
    ActiveWindow.ScrollColumn = 7 
    ActiveWindow.ScrollColumn = 6 
    ActiveWindow.ScrollColumn = 5 
    ActiveWindow.ScrollColumn = 4 
    ActiveWindow.ScrollColumn = 3 
    ActiveWindow.ScrollColumn = 2 
    ActiveWindow.ScrollColumn = 1 
    Application.CutCopyMode = False 
    Range("E2:BA9").Select 
    Selection.Copy 
    ActiveWindow.ScrollColumn = 31 
    ActiveWindow.ScrollColumn = 30 
    ActiveWindow.ScrollColumn = 29 
    ActiveWindow.ScrollColumn = 28 
    ActiveWindow.ScrollColumn = 27 
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    ActiveWindow.ScrollColumn = 26 
    ActiveWindow.ScrollColumn = 25 
    ActiveWindow.ScrollColumn = 24 
    ActiveWindow.ScrollColumn = 23 
    ActiveWindow.ScrollColumn = 22 
    ActiveWindow.ScrollColumn = 21 
    ActiveWindow.ScrollColumn = 20 
    ActiveWindow.ScrollColumn = 19 
    ActiveWindow.ScrollColumn = 18 
    ActiveWindow.ScrollColumn = 17 
    ActiveWindow.ScrollColumn = 16 
    ActiveWindow.ScrollColumn = 15 
    ActiveWindow.ScrollColumn = 14 
    ActiveWindow.ScrollColumn = 13 
    ActiveWindow.ScrollColumn = 12 
    ActiveWindow.ScrollColumn = 11 
    ActiveWindow.ScrollColumn = 10 
    ActiveWindow.ScrollColumn = 9 
    ActiveWindow.ScrollColumn = 8 
    ActiveWindow.ScrollColumn = 7 
    ActiveWindow.ScrollColumn = 6 
    ActiveWindow.ScrollColumn = 5 
    ActiveWindow.ScrollColumn = 4 
    ActiveWindow.ScrollColumn = 3 
    ActiveWindow.ScrollColumn = 2 
    ActiveWindow.ScrollColumn = 1 
    ActiveWindow.ScrollColumn = 2 
    ActiveWindow.ScrollColumn = 3 
    Range("O18").Select 
    Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
        :=False, Transpose:=False 
    Application.CutCopyMode = False 
    Selection.Copy 
    Range("F18").Select 
    Selection.PasteSpecial Paste:=xlPasteAll, Operation:=xlNone, SkipBlanks:= _ 
        False, Transpose:=True 
    ActiveWindow.SmallScroll Down:=-3 
    Range("F18:F65").Select 
    ActiveWindow.SmallScroll Down:=-21 
    Range("O18:BK25").Select 
    Application.CutCopyMode = False 
    Selection.Copy 
    ActiveWindow.SmallScroll Down:=-54 
    ActiveWindow.ScrollColumn = 53 
    ActiveWindow.ScrollColumn = 52 
    ActiveWindow.ScrollColumn = 51 
    ActiveWindow.ScrollColumn = 49 
    ActiveWindow.ScrollColumn = 48 
    ActiveWindow.ScrollColumn = 46 
    ActiveWindow.ScrollColumn = 45 
    ActiveWindow.ScrollColumn = 43 
    ActiveWindow.ScrollColumn = 42 
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    ActiveWindow.ScrollColumn = 41 
    ActiveWindow.ScrollColumn = 39 
    ActiveWindow.ScrollColumn = 38 
    ActiveWindow.ScrollColumn = 36 
    ActiveWindow.ScrollColumn = 34 
    ActiveWindow.ScrollColumn = 32 
    ActiveWindow.ScrollColumn = 30 
    ActiveWindow.ScrollColumn = 28 
    ActiveWindow.ScrollColumn = 27 
    ActiveWindow.ScrollColumn = 24 
    ActiveWindow.ScrollColumn = 23 
    ActiveWindow.ScrollColumn = 20 
    ActiveWindow.ScrollColumn = 19 
    ActiveWindow.ScrollColumn = 16 
    ActiveWindow.ScrollColumn = 14 
    ActiveWindow.ScrollColumn = 13 
    ActiveWindow.ScrollColumn = 10 
    ActiveWindow.ScrollColumn = 9 
    ActiveWindow.ScrollColumn = 7 
    ActiveWindow.ScrollColumn = 6 
    ActiveWindow.ScrollColumn = 5 
    ActiveWindow.ScrollColumn = 4 
    ActiveWindow.ScrollColumn = 3 
    ActiveWindow.ScrollColumn = 2 
    ActiveWindow.ScrollColumn = 1 
    Range("F18").Select 
    Selection.PasteSpecial Paste:=xlPasteAll, Operation:=xlNone, SkipBlanks:= _ 
        False, Transpose:=True 
    ActiveWindow.SmallScroll Down:=36 
    Range("G18:G66").Select 
    Application.CutCopyMode = False 
    Selection.Copy 
    Range("E67").Select 
    Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
        :=False, Transpose:=False 
    ActiveWindow.SmallScroll Down:=-36 
    Range("H18:H66").Select 
    Application.CutCopyMode = False 
    Selection.Copy 
    ActiveWindow.SmallScroll Down:=24 
    Range("D116").Select 
    ActiveWindow.SmallScroll Down:=3 
    Range("E116").Select 
    Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
        :=False, Transpose:=False 
    ActiveWindow.SmallScroll Down:=60 
    Range("E165").Select 
    ActiveWindow.SmallScroll Down:=-147 
    Range("I18:I66").Select 
    Application.CutCopyMode = False 
    Selection.Copy 
    Application.CutCopyMode = False 
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    Selection.Copy 
    ActiveWindow.SmallScroll Down:=78 
    Range("D165").Select 
    ActiveWindow.SmallScroll Down:=3 
    Range("E165").Select 
    Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
        :=False, Transpose:=False 
    ActiveWindow.SmallScroll Down:=-135 
    Range("J18:J66").Select 
    Application.CutCopyMode = False 
    Selection.Copy 
    ActiveWindow.SmallScroll Down:=153 
    Range("E214").Select 
    ActiveWindow.SmallScroll Down:=3 
    Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
        :=False, Transpose:=False 
    ActiveWindow.SmallScroll Down:=-204 
    Range("K18:K66").Select 
    Application.CutCopyMode = False 
    ActiveWindow.SmallScroll Down:=-165 
    Range("K18:K66").Select 
    Application.CutCopyMode = False 
    Selection.Copy 
    ActiveWindow.SmallScroll Down:=186 
    Range("E263").Select 
    ActiveWindow.SmallScroll Down:=12 
    Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
        :=False, Transpose:=False 
    ActiveWindow.SmallScroll Down:=48 
    Range("E312").Select 
    ActiveWindow.SmallScroll Down:=-282 
    Range("L18:L66").Select 
    Application.CutCopyMode = False 
    Selection.Copy 
    ActiveWindow.SmallScroll Down:=279 
    Range("E312").Select 
    Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
        :=False, Transpose:=False 
    ActiveWindow.SmallScroll Down:=-327 
    Range("M18:M66").Select 
    Application.CutCopyMode = False 
    Selection.Copy 
    ActiveWindow.SmallScroll Down:=288 
    Range("E361").Select 
    ActiveWindow.SmallScroll Down:=-321 
    Range("N18:N66").Select 
    Application.CutCopyMode = False 
    Selection.Copy 
    ActiveWindow.SmallScroll Down:=336 
    Range("E410").Select 
    ActiveWindow.SmallScroll Down:=-6 
    Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
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        :=False, Transpose:=False 
    ActiveWindow.SmallScroll Down:=42 
    Range("E17:E458").Select 
    Range("E458").Activate 
    ActiveWindow.SmallScroll Down:=15 
    Range("F28:F41").Select 
    Range("F41").Activate 
    ActiveWindow.SmallScroll Down:=15 
    Range("F23:F66").Select 
    Range("F66").Activate 
    ActiveWindow.SmallScroll Down:=6 
    Range("F18:F66").Select 
    Application.CutCopyMode = False 
    Selection.Copy 
    ActiveWindow.SmallScroll Down:=-60 
    Range("E18").Select 
    Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
        :=False, Transpose:=False 
    ActiveWindow.SmallScroll Down:=-3 
    Range("E17").Select 
    Application.CutCopyMode = False 
    Selection.ClearContents 
    Range("E18").Select 
    Range(Selection, Selection.End(xlDown)).Select 
    Range("E18:E600").Select 
    ActiveWindow.SmallScroll Down:=-69 
    ActiveSheet.Range("$E$18:$E$600").RemoveDuplicates Columns:=1, Header:=xlNo 
    ActiveWindow.SmallScroll Down:=63 
    ActiveWindow.ScrollRow = 65 
    ActiveWindow.ScrollRow = 68 
    ActiveWindow.ScrollRow = 71 
    ActiveWindow.ScrollRow = 73 
    ActiveWindow.ScrollRow = 76 
    ActiveWindow.ScrollRow = 79 
    ActiveWindow.ScrollRow = 82 
    ActiveWindow.ScrollRow = 84 
    ActiveWindow.ScrollRow = 87 
    ActiveWindow.ScrollRow = 90 
    ActiveWindow.ScrollRow = 93 
    ActiveWindow.ScrollRow = 96 
    ActiveWindow.ScrollRow = 98 
    ActiveWindow.ScrollRow = 101 
    ActiveWindow.ScrollRow = 104 
    ActiveWindow.ScrollRow = 109 
    ActiveWindow.ScrollRow = 112 
    ActiveWindow.ScrollRow = 115 
    ActiveWindow.ScrollRow = 118 
    ActiveWindow.ScrollRow = 121 
    ActiveWindow.ScrollRow = 123 
    ActiveWindow.ScrollRow = 126 
    ActiveWindow.ScrollRow = 129 
    ActiveWindow.ScrollRow = 134 
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    ActiveWindow.ScrollRow = 137 
    ActiveWindow.ScrollRow = 143 
    ActiveWindow.ScrollRow = 146 
    ActiveWindow.ScrollRow = 148 
    ActiveWindow.ScrollRow = 151 
    ActiveWindow.ScrollRow = 157 
    ActiveWindow.ScrollRow = 160 
    ActiveWindow.ScrollRow = 162 
    ActiveWindow.ScrollRow = 165 
    ActiveWindow.ScrollRow = 168 
    ActiveWindow.ScrollRow = 171 
    ActiveWindow.ScrollRow = 173 
    ActiveWindow.ScrollRow = 176 
    ActiveWindow.ScrollRow = 182 
    ActiveWindow.ScrollRow = 185 
    ActiveWindow.ScrollRow = 190 
    ActiveWindow.ScrollRow = 196 
    ActiveWindow.ScrollRow = 198 
    ActiveWindow.ScrollRow = 204 
    ActiveWindow.ScrollRow = 210 
    ActiveWindow.ScrollRow = 215 
    ActiveWindow.ScrollRow = 221 
    ActiveWindow.ScrollRow = 223 
    ActiveWindow.ScrollRow = 232 
    ActiveWindow.ScrollRow = 237 
    ActiveWindow.ScrollRow = 243 
    ActiveWindow.ScrollRow = 248 
    ActiveWindow.ScrollRow = 254 
    ActiveWindow.ScrollRow = 262 
    ActiveWindow.ScrollRow = 268 
    ActiveWindow.ScrollRow = 271 
    ActiveWindow.ScrollRow = 276 
    ActiveWindow.ScrollRow = 282 
    ActiveWindow.ScrollRow = 287 
    ActiveWindow.ScrollRow = 293 
    ActiveWindow.ScrollRow = 296 
    ActiveWindow.ScrollRow = 299 
    ActiveWindow.ScrollRow = 304 
    ActiveWindow.ScrollRow = 307 
    ActiveWindow.ScrollRow = 310 
    ActiveWindow.ScrollRow = 312 
    ActiveWindow.ScrollRow = 315 
    ActiveWindow.ScrollRow = 318 
    ActiveWindow.ScrollRow = 321 
    ActiveWindow.ScrollRow = 324 
    ActiveWindow.ScrollRow = 329 
    ActiveWindow.ScrollRow = 332 
    ActiveWindow.ScrollRow = 340 
    ActiveWindow.ScrollRow = 343 
    ActiveWindow.ScrollRow = 351 
    ActiveWindow.ScrollRow = 360 
    ActiveWindow.ScrollRow = 365 
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    ActiveWindow.ScrollRow = 371 
    ActiveWindow.ScrollRow = 376 
    ActiveWindow.ScrollRow = 379 
    ActiveWindow.ScrollRow = 388 
    ActiveWindow.ScrollRow = 390 
    ActiveWindow.ScrollRow = 393 
    ActiveWindow.ScrollRow = 399 
    ActiveWindow.ScrollRow = 401 
    ActiveWindow.ScrollRow = 404 
    ActiveWindow.ScrollRow = 413 
    ActiveWindow.ScrollRow = 418 
    ActiveWindow.ScrollRow = 421 
    ActiveWindow.ScrollRow = 429 
    ActiveWindow.ScrollRow = 435 
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    ActiveWindow.ScrollRow = 451 
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    ActiveWindow.ScrollRow = 666 
    ActiveWindow.ScrollRow = 671 
    ActiveWindow.ScrollRow = 679 
    ActiveWindow.ScrollRow = 685 
    ActiveWindow.ScrollRow = 691 
    ActiveWindow.ScrollRow = 693 
    ActiveWindow.ScrollRow = 699 
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    ActiveWindow.ScrollRow = 702 
    ActiveWindow.ScrollRow = 705 
    ActiveWindow.ScrollRow = 707 
    ActiveWindow.ScrollRow = 710 
    ActiveWindow.ScrollRow = 713 
    ActiveWindow.ScrollRow = 710 
    ActiveWindow.ScrollRow = 705 
    ActiveWindow.ScrollRow = 699 
    ActiveWindow.ScrollRow = 696 
    ActiveWindow.ScrollRow = 691 
    ActiveWindow.ScrollRow = 688 
    ActiveWindow.ScrollRow = 682 
    ActiveWindow.ScrollRow = 677 
    ActiveWindow.ScrollRow = 674 
    ActiveWindow.ScrollRow = 668 
    ActiveWindow.ScrollRow = 666 
    ActiveWindow.ScrollRow = 663 
    ActiveWindow.ScrollRow = 660 
    ActiveWindow.ScrollRow = 654 
    ActiveWindow.ScrollRow = 652 
    ActiveWindow.ScrollRow = 649 
    ActiveWindow.ScrollRow = 643 
    ActiveWindow.ScrollRow = 641 
    ActiveWindow.ScrollRow = 638 
    ActiveWindow.ScrollRow = 632 
    ActiveWindow.ScrollRow = 627 
    ActiveWindow.ScrollRow = 621 
    ActiveWindow.ScrollRow = 618 
    ActiveWindow.ScrollRow = 616 
    ActiveWindow.ScrollRow = 613 
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    ActiveWindow.ScrollRow = 604 
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    ActiveWindow.ScrollRow = 582 
    ActiveWindow.ScrollRow = 579 
    ActiveWindow.ScrollRow = 577 
    ActiveWindow.ScrollRow = 574 
    ActiveWindow.ScrollRow = 571 
    ActiveWindow.ScrollRow = 565 
    ActiveWindow.ScrollRow = 563 
    ActiveWindow.ScrollRow = 557 
    ActiveWindow.ScrollRow = 554 
    ActiveWindow.ScrollRow = 552 
    ActiveWindow.ScrollRow = 549 
    ActiveWindow.ScrollRow = 546 
    ActiveWindow.ScrollRow = 543 
    ActiveWindow.ScrollRow = 540 
xlviii                                            Analysis of Snap-off and Pore Space Structure in Multiphase Flow in Carbonate Rock Using Micro-CT Images 
 
    ActiveWindow.ScrollRow = 538 
    ActiveWindow.ScrollRow = 532 
    ActiveWindow.ScrollRow = 529 
    ActiveWindow.ScrollRow = 527 
    ActiveWindow.ScrollRow = 518 
    ActiveWindow.ScrollRow = 515 
    ActiveWindow.ScrollRow = 513 
    ActiveWindow.ScrollRow = 507 
    ActiveWindow.ScrollRow = 502 
    ActiveWindow.ScrollRow = 499 
    ActiveWindow.ScrollRow = 493 
    ActiveWindow.ScrollRow = 488 
    ActiveWindow.ScrollRow = 482 
    ActiveWindow.ScrollRow = 477 
    ActiveWindow.ScrollRow = 471 
    ActiveWindow.ScrollRow = 465 
    ActiveWindow.ScrollRow = 460 
    ActiveWindow.ScrollRow = 449 
    ActiveWindow.ScrollRow = 440 
    ActiveWindow.ScrollRow = 429 
    ActiveWindow.ScrollRow = 424 
    ActiveWindow.ScrollRow = 415 
    ActiveWindow.ScrollRow = 407 
    ActiveWindow.ScrollRow = 399 
    ActiveWindow.ScrollRow = 388 
    ActiveWindow.ScrollRow = 382 
    ActiveWindow.ScrollRow = 374 
    ActiveWindow.ScrollRow = 362 
    ActiveWindow.ScrollRow = 354 
    ActiveWindow.ScrollRow = 349 
    ActiveWindow.ScrollRow = 340 
    ActiveWindow.ScrollRow = 335 
    ActiveWindow.ScrollRow = 329 
    ActiveWindow.ScrollRow = 321 
    ActiveWindow.ScrollRow = 312 
    ActiveWindow.ScrollRow = 304 
    ActiveWindow.ScrollRow = 299 
    ActiveWindow.ScrollRow = 290 
    ActiveWindow.ScrollRow = 282 
    ActiveWindow.ScrollRow = 274 
    ActiveWindow.ScrollRow = 265 
    ActiveWindow.ScrollRow = 260 
    ActiveWindow.ScrollRow = 251 
    ActiveWindow.ScrollRow = 246 
    ActiveWindow.ScrollRow = 237 
    ActiveWindow.ScrollRow = 229 
    ActiveWindow.ScrollRow = 221 
    ActiveWindow.ScrollRow = 215 
    ActiveWindow.ScrollRow = 210 
    ActiveWindow.ScrollRow = 204 
    ActiveWindow.ScrollRow = 198 
    ActiveWindow.ScrollRow = 193 
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    ActiveWindow.ScrollRow = 187 
    ActiveWindow.ScrollRow = 185 
    ActiveWindow.ScrollRow = 179 
    ActiveWindow.ScrollRow = 176 
    ActiveWindow.ScrollRow = 173 
    ActiveWindow.ScrollRow = 168 
    ActiveWindow.ScrollRow = 162 
    ActiveWindow.ScrollRow = 160 
    ActiveWindow.ScrollRow = 154 
    ActiveWindow.ScrollRow = 148 
    ActiveWindow.ScrollRow = 146 
    ActiveWindow.ScrollRow = 143 
    ActiveWindow.ScrollRow = 137 
    ActiveWindow.ScrollRow = 134 
    ActiveWindow.ScrollRow = 132 
    ActiveWindow.ScrollRow = 126 
    ActiveWindow.ScrollRow = 121 
    ActiveWindow.ScrollRow = 118 
    ActiveWindow.ScrollRow = 109 
    ActiveWindow.ScrollRow = 104 
    ActiveWindow.ScrollRow = 101 
    ActiveWindow.ScrollRow = 96 
    ActiveWindow.ScrollRow = 93 
    ActiveWindow.ScrollRow = 90 
    ActiveWindow.ScrollRow = 82 
    ActiveWindow.ScrollRow = 79 
    ActiveWindow.ScrollRow = 73 
    ActiveWindow.ScrollRow = 71 
    ActiveWindow.ScrollRow = 68 
    ActiveWindow.ScrollRow = 65 
    ActiveWindow.ScrollRow = 59 
    ActiveWindow.ScrollRow = 57 
    ActiveWindow.ScrollRow = 51 
    ActiveWindow.ScrollRow = 45 
    ActiveWindow.ScrollRow = 43 
    ActiveWindow.ScrollRow = 37 
    ActiveWindow.ScrollRow = 32 
    ActiveWindow.ScrollRow = 29 
    ActiveWindow.ScrollRow = 23 
    ActiveWindow.ScrollRow = 20 
    ActiveWindow.ScrollRow = 18 
    ActiveWindow.ScrollRow = 15 
    ActiveWindow.ScrollRow = 9 
    ActiveWindow.ScrollRow = 4 
    ActiveWindow.ScrollRow = 1 
    Range("F17").Select 
    ActiveCell.FormulaR1C1 = "Done" 
    Range("E17").Select 
    ActiveCell.FormulaR1C1 = "Connected" 
    Range("E18").Select 
End Sub 
Sub Macro6() 
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' 
' Macro6 Macro 
' 
' Keyboard Shortcut: Ctrl+d 
' 
    Range("G17").Select 
    Selection.ClearContents 
    Range("F18:BR19").Select 
    Range(Selection, Selection.End(xlDown)).Select 
    Range(Selection, Selection.End(xlDown)).Select 
    Selection.ClearContents 
    Range("G17").Select 
    ActiveCell.FormulaR1C1 = "radius" 
    Range("E18").Select 
    Range(Selection, Selection.End(xlDown)).Select 
    Range("E18:E58").Select 
    Range(Selection, Selection.End(xlDown)).Select 
    ActiveWorkbook.Worksheets("Adjacent pores sheet").Sort.SortFields.Clear 
    ActiveWorkbook.Worksheets("Adjacent pores sheet").Sort.SortFields.Add Key:= _ 
        Range("E18"), SortOn:=xlSortOnValues, Order:=xlAscending, DataOption:= _ 
        xlSortNormal 
    With ActiveWorkbook.Worksheets("Adjacent pores sheet").Sort 
        .SetRange Range("E18:E2130") 
        .Header = xlNo 
        .MatchCase = False 
        .Orientation = xlTopToBottom 
        .SortMethod = xlPinYin 
        .Apply 
    End With 
    ActiveWindow.SmallScroll Down:=0 
    Range("G18").Select 
    ActiveCell.FormulaR1C1 = "=VLOOKUP(RC[-2],R2C72:R1944C73,2,FALSE)" 
    Range("G18").Select 
    Selection.AutoFill Destination:=Range("G18:G1700"), Type:=xlFillDefault 
    Range("G18:G1700").Select 
    ActiveWindow.ScrollRow = 1662 
    ActiveWindow.ScrollRow = 1659 
    ActiveWindow.ScrollRow = 1656 
    ActiveWindow.ScrollRow = 1652 
    ActiveWindow.ScrollRow = 1649 
    ActiveWindow.ScrollRow = 1646 
    ActiveWindow.ScrollRow = 1643 
    ActiveWindow.ScrollRow = 1637 
    ActiveWindow.ScrollRow = 1634 
    ActiveWindow.ScrollRow = 1628 
    ActiveWindow.ScrollRow = 1622 
    ActiveWindow.ScrollRow = 1616 
    ActiveWindow.ScrollRow = 1610 
    ActiveWindow.ScrollRow = 1607 
    ActiveWindow.ScrollRow = 1601 
    ActiveWindow.ScrollRow = 1594 
    ActiveWindow.ScrollRow = 1585 
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    ActiveWindow.ScrollRow = 1582 
    ActiveWindow.ScrollRow = 1573 
    ActiveWindow.ScrollRow = 1564 
    ActiveWindow.ScrollRow = 1555 
    ActiveWindow.ScrollRow = 1546 
    ActiveWindow.ScrollRow = 1533 
    ActiveWindow.ScrollRow = 1521 
    ActiveWindow.ScrollRow = 1506 
    ActiveWindow.ScrollRow = 1494 
    ActiveWindow.ScrollRow = 1485 
    ActiveWindow.ScrollRow = 1469 
    ActiveWindow.ScrollRow = 1460 
    ActiveWindow.ScrollRow = 1451 
    ActiveWindow.ScrollRow = 1442 
    ActiveWindow.ScrollRow = 1433 
    ActiveWindow.ScrollRow = 1424 
    ActiveWindow.ScrollRow = 1405 
    ActiveWindow.ScrollRow = 1393 
    ActiveWindow.ScrollRow = 1372 
    ActiveWindow.ScrollRow = 1356 
    ActiveWindow.ScrollRow = 1335 
    ActiveWindow.ScrollRow = 1317 
    ActiveWindow.ScrollRow = 1298 
    ActiveWindow.ScrollRow = 1283 
    ActiveWindow.ScrollRow = 1271 
    ActiveWindow.ScrollRow = 1256 
    ActiveWindow.ScrollRow = 1243 
    ActiveWindow.ScrollRow = 1231 
    ActiveWindow.ScrollRow = 1222 
    ActiveWindow.ScrollRow = 1207 
    ActiveWindow.ScrollRow = 1188 
    ActiveWindow.ScrollRow = 1176 
    ActiveWindow.ScrollRow = 1158 
    ActiveWindow.ScrollRow = 1137 
    ActiveWindow.ScrollRow = 1115 
    ActiveWindow.ScrollRow = 1100 
    ActiveWindow.ScrollRow = 1079 
    ActiveWindow.ScrollRow = 1063 
    ActiveWindow.ScrollRow = 1048 
    ActiveWindow.ScrollRow = 1036 
    ActiveWindow.ScrollRow = 1021 
    ActiveWindow.ScrollRow = 1008 
    ActiveWindow.ScrollRow = 996 
    ActiveWindow.ScrollRow = 984 
    ActiveWindow.ScrollRow = 969 
    ActiveWindow.ScrollRow = 956 
    ActiveWindow.ScrollRow = 938 
    ActiveWindow.ScrollRow = 926 
    ActiveWindow.ScrollRow = 908 
    ActiveWindow.ScrollRow = 892 
    ActiveWindow.ScrollRow = 874 
    ActiveWindow.ScrollRow = 862 
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    ActiveWindow.ScrollRow = 856 
    ActiveWindow.ScrollRow = 847 
    ActiveWindow.ScrollRow = 837 
    ActiveWindow.ScrollRow = 831 
    ActiveWindow.ScrollRow = 825 
    ActiveWindow.ScrollRow = 822 
    ActiveWindow.ScrollRow = 813 
    ActiveWindow.ScrollRow = 807 
    ActiveWindow.ScrollRow = 798 
    ActiveWindow.ScrollRow = 792 
    ActiveWindow.ScrollRow = 786 
    ActiveWindow.ScrollRow = 779 
    ActiveWindow.ScrollRow = 773 
    ActiveWindow.ScrollRow = 764 
    ActiveWindow.ScrollRow = 752 
    ActiveWindow.ScrollRow = 749 
    ActiveWindow.ScrollRow = 740 
    ActiveWindow.ScrollRow = 734 
    ActiveWindow.ScrollRow = 724 
    ActiveWindow.ScrollRow = 715 
    ActiveWindow.ScrollRow = 706 
    ActiveWindow.ScrollRow = 700 
    ActiveWindow.ScrollRow = 694 
    ActiveWindow.ScrollRow = 685 
    ActiveWindow.ScrollRow = 676 
    ActiveWindow.ScrollRow = 666 
    ActiveWindow.ScrollRow = 657 
    ActiveWindow.ScrollRow = 651 
    ActiveWindow.ScrollRow = 645 
    ActiveWindow.ScrollRow = 639 
    ActiveWindow.ScrollRow = 633 
    ActiveWindow.ScrollRow = 630 
    ActiveWindow.ScrollRow = 627 
    ActiveWindow.ScrollRow = 624 
    ActiveWindow.ScrollRow = 621 
    ActiveWindow.ScrollRow = 627 
    ActiveWindow.ScrollRow = 630 
    ActiveWindow.ScrollRow = 636 
    ActiveWindow.ScrollRow = 642 
    ActiveWindow.ScrollRow = 651 
    ActiveWindow.ScrollRow = 657 
    ActiveWindow.ScrollRow = 663 
    ActiveWindow.ScrollRow = 666 
    ActiveWindow.ScrollRow = 673 
    ActiveWindow.ScrollRow = 679 
    ActiveWindow.ScrollRow = 682 
    ActiveWindow.ScrollRow = 685 
    ActiveWindow.ScrollRow = 691 
    ActiveWindow.ScrollRow = 700 
    ActiveWindow.ScrollRow = 703 
    ActiveWindow.ScrollRow = 712 
    ActiveWindow.ScrollRow = 721 
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    ActiveWindow.ScrollRow = 731 
    ActiveWindow.ScrollRow = 740 
    ActiveWindow.ScrollRow = 749 
    ActiveWindow.ScrollRow = 758 
    ActiveWindow.ScrollRow = 767 
    ActiveWindow.ScrollRow = 773 
    ActiveWindow.ScrollRow = 779 
    ActiveWindow.ScrollRow = 782 
    ActiveWindow.ScrollRow = 786 
    ActiveWindow.ScrollRow = 789 
    ActiveWindow.ScrollRow = 792 
    ActiveWindow.ScrollRow = 795 
    ActiveWindow.ScrollRow = 798 
    ActiveWindow.ScrollRow = 801 
    ActiveWindow.ScrollRow = 807 
    ActiveWindow.ScrollRow = 813 
    ActiveWindow.ScrollRow = 819 
    ActiveWindow.ScrollRow = 825 
    ActiveWindow.ScrollRow = 828 
    ActiveWindow.ScrollRow = 834 
    ActiveWindow.ScrollRow = 840 
    ActiveWindow.ScrollRow = 844 
    ActiveWindow.ScrollRow = 850 
    ActiveWindow.ScrollRow = 847 
    ActiveWindow.ScrollRow = 834 
    ActiveWindow.ScrollRow = 816 
    ActiveWindow.ScrollRow = 801 
    ActiveWindow.ScrollRow = 779 
    ActiveWindow.ScrollRow = 755 
    ActiveWindow.ScrollRow = 731 
    ActiveWindow.ScrollRow = 700 
    ActiveWindow.ScrollRow = 676 
    ActiveWindow.ScrollRow = 651 
    ActiveWindow.ScrollRow = 624 
    ActiveWindow.ScrollRow = 599 
    ActiveWindow.ScrollRow = 578 
    ActiveWindow.ScrollRow = 563 
    ActiveWindow.ScrollRow = 541 
    ActiveWindow.ScrollRow = 523 
    ActiveWindow.ScrollRow = 505 
    ActiveWindow.ScrollRow = 486 
    ActiveWindow.ScrollRow = 465 
    ActiveWindow.ScrollRow = 450 
    ActiveWindow.ScrollRow = 434 
    ActiveWindow.ScrollRow = 413 
    ActiveWindow.ScrollRow = 395 
    ActiveWindow.ScrollRow = 383 
    ActiveWindow.ScrollRow = 370 
    ActiveWindow.ScrollRow = 358 
    ActiveWindow.ScrollRow = 343 
    ActiveWindow.ScrollRow = 334 
    ActiveWindow.ScrollRow = 322 
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    ActiveWindow.ScrollRow = 315 
    ActiveWindow.ScrollRow = 303 
    ActiveWindow.ScrollRow = 294 
    ActiveWindow.ScrollRow = 282 
    ActiveWindow.ScrollRow = 270 
    ActiveWindow.ScrollRow = 254 
    ActiveWindow.ScrollRow = 245 
    ActiveWindow.ScrollRow = 230 
    ActiveWindow.ScrollRow = 221 
    ActiveWindow.ScrollRow = 209 
    ActiveWindow.ScrollRow = 199 
    ActiveWindow.ScrollRow = 184 
    ActiveWindow.ScrollRow = 175 
    ActiveWindow.ScrollRow = 166 
    ActiveWindow.ScrollRow = 157 
    ActiveWindow.ScrollRow = 148 
    ActiveWindow.ScrollRow = 141 
    ActiveWindow.ScrollRow = 132 
    ActiveWindow.ScrollRow = 123 
    ActiveWindow.ScrollRow = 114 
    ActiveWindow.ScrollRow = 105 
    ActiveWindow.ScrollRow = 99 
    ActiveWindow.ScrollRow = 93 
    ActiveWindow.ScrollRow = 83 
    ActiveWindow.ScrollRow = 77 
    ActiveWindow.ScrollRow = 68 
    ActiveWindow.ScrollRow = 62 
    ActiveWindow.ScrollRow = 56 
    ActiveWindow.ScrollRow = 50 
    ActiveWindow.ScrollRow = 41 
    ActiveWindow.ScrollRow = 35 
    ActiveWindow.ScrollRow = 28 
    ActiveWindow.ScrollRow = 25 
    ActiveWindow.ScrollRow = 19 
    ActiveWindow.ScrollRow = 16 
    ActiveWindow.ScrollRow = 4 
    ActiveWindow.ScrollRow = 1 
    Range("I17").Select 
End Sub 
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Appendix 9: List of the simulated anomalous throats and their gird size. 
Below is a list of all the anomalous throats that went under a direct two-phase flow simulation in order to define a snap-off 
capillary pressure and time of each. The table also shows the size of the cropped images around each throat. Due to time 
limitation and some issues with defining the boundary condition around every throat, few throats only were successfully 
simulated and used in the analysis discussed in this report. 
 
Gang # Throat # i j k orientation 
274 1237 100 100 100 y 
274 1528 25 37 41 z 
274 1497 55 57 72 y 
274 1531 32 52 59 x 
274 1671 40 78 70 x 
15 92 34 64 38 x 
15 326 38 45 36 x 
15 327 100 80 77 x 
72 214 58 49 42 x 
72 259 37 30 48 y 
72 262 43 50 50 x 
72 315 72 53 47 z 
72 360 25 46 41 y 
72 365 88 81 61 x 
72 393 44 47 47 x 
72 467 39 43 34 z 
72 481 72 58 39 z 
72 554 45 40 39 z 
82 156 53 46 75 z 
82 409 83 110 69 z 
82 412 60 50 60 x 
82 512 48 51 44 y 
82 435 61 56 77 z 
82 673 33 46 45 x 
82 623 83 40 56 y 
178 713 52 52 48 z 
178 879 148 98 86 z 
178 883 49 89 54 x 
178 1050 34 44 27 x 
258 1103 40 41 45 z 
258 1164 26 80 83 c 
258 1173 35 19 36 y 
258 1217 50 67 66 z 
258 1346 44 52 36 x 
258 1355 47 36 38 z 
346 1683 47 44 60 y 
346 1791 55 55 47 y 
346 1813 54 42 76 y 
Table 9 - 1: List of the grid sizes around the throats that were taken for two-phase flow direct simulation. 
